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S U M M A R Y
Smoking flares have always represented the visible symbols of 
pollution escaping from the world's oil and petrochemical industries. 
Only in recent years, however, has the increasing size of such 
complexes begun.,.to. cause acute environmental problems. During normal 
operations, these valuable off-gases ought to be conserved, either by 
gais liquifaction or by re-injection plants but, in an emergency, 
flares remain necessities as 'plant safety valves'.
Essentially, smokeless flaring is an aerodynamic mixing problem. The 
large volume air requirement for clean combustion has to be induced 
into the flame by some kind of high pressure gas or steam entrainment 
system. A novel method of effecting this mixing, rapidly, is to 
utilise the 'Coanda Effect*. This is the name given to the tendency 
of a fluid jet to adhere to an adjacent surface, thereby causing 
enhanced entrainment, actually up to 25 times the original air inflow 
into the jet.
The object of this research was to study and thus improve the 
performance of one design of Coanda, external surface, steam flare, 
developed and marketed by BP under the trade name Stedair. The 
investigation of this flare system was conducted in two parts; 
physical modelling of the entrainment at the flare tip, followed on by 
confirmatory measurements, on a 76 mm pilot scale, propylene doped, 
methane—steam flare.
A slice (two-dimensional) water model of a Stedair flare tip was 
constructed, to examine the effectiveness of Coanda surface geometry, 
as an entraîner and mixer. The neutralisation reaction between 
solutions of HCl and NaOH was used to imitate the combustion reactions 
between oxygen and hydrocarbons, the neutralisation being made visible 
by the use of phenolphalcin as an indicator. Adjustment of the 
concentrations and flows simulates fuel stoichiemetry and excess air 
requirements, producing a 'flare envelope' corresponding to the 'mixed 
is burnt' criterion.
The second phase of the investigation consisted of a series of 
combustion tests on the largest (76 mm) Stedair steam flare that could 
be safely operated within a high ceiling (7.6 m) laboratory. 
Temperature and CO profiles within the flame were measured on 3 flare
"S
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heads, with 4 slot widths/head and at 3 steeun flows/slot width, the 
gas flow being kept constant. Smoke Points, Blow-off and Coanda 
Breakaway Points were also measured at varying gas flows.
The Coanda principle is inherently such an excellent entrainment 
device that combustion on these flare tips is nearly always good, 
provided that the jet slot width remains uniform. Whilst noise and 
radiation levels can only be measured on real flares, combustion 
quality and entrainment rates are best measured on slice water models 
of such flares. The experimental flare built by the author 
demonstrated this point very well. The pulsations and oscillations of 
this turbulent jet, even in the wind-free laboratory environment made 
obtaining consistent measurements very difficult.
A Coanda flare behaves like an enclosed rather than a free jet, thus 
the similarity criteria developed by Craya and Curtet can be applied 
and when it is, Jenkins and Coworkers have shown that, water model 
results do correspond to those measured on real flare trials.
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CHAPTER ONE 
INTRODUCTION
1.1 Definition of Flaring
Flaring is a combustiPI'r process which has been the 
traditional method for disposing large quantities of flammable 
gases and vapours,for reasons of safety, in the oil and p e t r o ­
chemical industries.
With the advent of more stringent air pollution stand­
ards, flaring has also taken on an added importance as a 
method of industrial environmental control, since most gases 
which were previously vented to the atmosphere have now to be 
burned on a flare.
Combustion on the common elevated flare occurs as a tur­
bulent diffusion flame, modified by any wind. Such a flame 
presents a number of fascinating and challenging phenomena 
for study, including : the effect of cross winds on its shape
and length, its radiation field, the formation and dispersion 
of smoke and gaseous pollutants, the action of steam in sup­
pressing the formation of smoke, the completeness of combustion 
of any toxic gases released to the flare and noise generation,
particularly the noise emanating from the steam jet injection
17and low-frequency vibration of the flare system
1.2 A Flare System
Basically, a flare system consists of pipework to collect 
the gases, devices to remove any entrained liquids, and finally.
a burner operating in the open, with no provision to recover 
heat or to treat the flue gases. A typical refinery flare 
system is illustrated in Figure (1.1).
1 . Flare header from the process units;
2. Knockout drums to remove and store condensable and entrained 
liquids ;
3. Proprietary seal, drum, or purge gas to prevent flashback;
4. Flare stack to raise the burner to the desired height;
5. Gas pilots and an ignitor;
6 . Steam injection for smokeless flaring.
M a n y  types of flares are commercially available (as 
described in 1.8 ), but all must operate safely and, hopefully, 
efficiently under widely varying conditions. The flow of waste 
gas can range from almost zero, when the only discharges are 
leakages from relief valves, to huge quantities in an emergency 
Moreover, the required capacity of the flare varies with
a. crude throughput ;
b. the complexity of refining;
5 5c. the capacity of the recovery system
1.3 Survey of Flaring
1.3.1 On Oilfields
There has always been a requirement for safe disposal of 
flammable gases in connection with production oil fields.
In cases where no provision existed for collection and p r o ­
cessing gas, there was a time when almost all gases released
1 nin this way were flared. These were called associated gases ,
because they were produced in association with the crude oil. 
While still underground, these associated gases remain d i s ­
solved in the surrounding oil due to pressure. When the 
pressure drops they are released at the well-head, where it 
is flared as a safety measure.
Even in early civilisations, flared gas was known 
as "eternal flames" or "the leaping fiery furnace" or "the 
burning springs". Such gases were usually ignited by lightning ; 
and burnt throughout the centuries. Natural gas seepages were 
even documented by the Greeks and Egyptians, and in the Baku 
area of the USSR. As early as A.D. 200, the Chinese transport­
ed natural gas through simple pipelines made of hollowed-out
. . 52bamboo
1.3.2 On Chemical Plants
Flaring also takes place in petrochemical plants, oil r e ­
fineries and gas processing plants where the flare system is 
one of the so-called "offsite facilities". Both process flaring 
and emergency flaring can occur in this setting.
a. In process flaring, the gas which leaks past the safety 
valves protecting the various process units is brought to 
the flare and burned. This gas feeds the small flames which 
burn almost continuously on refinery f l a r e - s t a c k s .
b. Process flaring, at much greater rates, can occur when 
process units are emptied during shutdown or when off-spe- 
cification products are inevitably produced during start-up.
c. Emergency flaring occurs when large volumes of volatile 
liquids and/or flammable gases have to be disposed of 
during an emergency ; examples are: fire, power failure, 
colling water loss, compressor failure, over pressure in 
a process vessel, to name a few.
Under emergency conditions, the flaring rate through a
Bsingle refinery flare might be of the order of 10 kg/hr, with
a heat release rate of the order of 1000 MW. The very largest
flare installations can reach flaring rates which are even
higher, perhaps by an order of a magnitude. On the other hand,
process flaring rates are usually no more than a few percent
1 7of the emergency flaring rate ' .
1.4 Flaring Losses
1.4.1 Developing Countries
All gas flared at a well head is a waste of a valuable
resource. The magnitude of that wastage in the oil producing
countries (mostly developing countries) during the 1970's is 
52listed b e l o w ' •
Table 1.1 Lost flared gas
Year Gas flared in billion cum
1972 143.4
1973 168.6
1974 163.0
1975 129.5
1976 150.0
1978 140.3
The poor c o u n t r i e s ’ global loss of around 400 million cum/day 
is thermally equivalent to 2.6 million barrel/day of a crude 
oil. This loss is broadly equal to removing a country like 
Iraq (in 1978 the second largest producers) from the world 
m a r k e t .
At 1978 oil prices ($12.70/barrel), the revenue loss to 
those countries was over $33.0 billion; at 1982 prices ($36.00/ 
barrel), it would have been worth $94 billion. Comparing these 
losses to individual countries' oil output, the largest losses 
are normally found with the largest producers.
Flaring losses should also be judged in relation to the.i
oil output from which they have arisen. Had the gas been put 
to good use, it would have released a thermally equivalent 
amount of crude oil (or refined products) for export.
As it is shown in Table (1.2) below, many oil producing 
developing countries have long recognised the value of these 
wasted resources. Between 1973 and 1978 most producers sub- 
stantiously cut the ratio of flared gas to gross production.
In 19 78 many projects were in hand that would reduce the
5 2above ratio still further
Table 1.2 Gas flared at equivalent proportion of oil
gas flared at equivalent proportion of oil
million cum/day 1000 barrel/day output %
Producing developing countries
404.0 2644 8.2
1.4.2 The Developed Nations
The United States of America has utilised flared gas 
since the very first oil discovery of 1859, being used as 
fuel in a number of West Pennsylvania towns. By 1890 there 
were already 27,000 miles of gas transmission piping in the 
United States.
The development of welded steel pipelines in the 1920's
enabled natural gas (flared gas) to be distributed over still
greater distances. Today, transcontinental pipelines, total-
5 2ing over 50,000 miles in length, are in operation
1.5 The Historical Example of Air Pollution in the United 
Kingdom
1.5.1 1400 - 1800 A.D.
For the six centuries preceding the twentieth, air 
pollution in the general environment arose almost entirely 
from the smoke and gases released by the burning of coal.
History has recorded a protest by the nobility during 
the reign of Edward I against the use of "sea coal" and in 
the succeeding reign of Edward II at the beginning of the 
fourteenth century, a man is even reported to have been 
thrown into his own furnace, which had been "filling the 
air with a pestilential odour".
Richard III imposed a tax on coal, and Henry V estabished 
a commission to regulate its import into London. In 1578, 
it was Queen Elizabeth who "findith hereselfe greatly greved 
and annoyed with the taste and smoke of the sea coales".
Indeed, during her reign the use of coal in London was f o r ­
bidden while Parliament was in session.
1.5.2 1800 - 1950 A.D.
The advent of the Industrial Revolution, with its d e v elop­
ment of steam power, brought about a huge increase in the use 
of coal for industry, in addition to its long established use 
for domestic heating. Canals, railways and eventually m e c h a ­
nized road transport carried coal to every part of the U.K. 
from existing and newly exploited mining areas.
In 1816 the total output of coal in the United Kingdom 
was approximately 15 million tons; in 1854 it was 65 million, 
and in 1913 it had reached its maximum of nearly 290 million.
The Industrial Revolution introduced quite new forms of 
pollution from chemical plants, foundries and heavy engineering 
works, all built with Victorian fervour and enterprise. Dense 
fumes and black smoke were accepted as a necessary concomitant 
of an industrial environment.
Coal was virtually the only means of house heating.
Grossly inefficient domestic fires discharged their fumes 
from low chimneys, where the smoke fell quickly to a height 
where human beings inhaled it. Scientists began to accumulate 
evidence about varieties of human health resulting from p e r e n ­
nial exposure to city smoke, chronic bronchitis ("the English 
disease") can be linked with environmental air pollution.
1.5.3 19 50 Onwards
Measurements of air pollution had been made since 1914, 
by local authorities and other interested organisations, but 
many of these pioneering measurements recorded the fallout 
of grit and dust only. The Beaver report of 1955 first drew 
attention to the much smaller and more pathogenic airborne 
particles. Another Act, extending control over atmospheric 
pollution was introduced in 1968 and additional measures were 
introduced in a further "Control of Pollution Act" in 1974.
1.5.4 Summary
The dispersion of airborne pollution depends upon p r e ­
vailing meteorological factors which govern rates of trans­
port, mixing and dilution, the height and temperature of the 
discharge, local topography and the pollutant's chemical 
characteristics. The total polluted mass of air over a p o p u ­
lated area is inherently unstable, both physically and chemi­
cally, and is like a gigantic vat where complex and often
5 3ill-understood reactions take place '.
1 .6 Flaring
1.6.1 Mixing in Combustion
Although most fuels will burn readily in air, when we 
wish to use the combustion process for some technological 
purpose, the manner in which the fuel, air and combustion 
products are brought together requires careful control.
Thus, even the Pueblo Indians used an air deflector to control
the air flow to the fire used to heat their dwellings.
A significant step taken early in the Industrial R e v o ­
lution was the use of a secondary air supply above a burning 
solid fuel bed to consume the combustible gases formed during 
pyrolysis of the fuel and thus achieve more efficient co m ­
bustion. The overall process should be efficient, but the 
addition of excess air to assist in achieving complete co m ­
bustion means the loss of heat due to the increased flow of 
hot gases up the flue.
The optimisation of the system therefore requires the 
careful design of the combustor to achieve complete combust­
ion, with the minimum quantity of excess air, and at the same
1 ?time reduce the emission of pollutants to an acceptable level
1.6,2 Current Problems in Flaring
Three kinds of problems are associated with flaring:
(a) economics;
(b) environmental considerations;
(c) safety.
(a) Economics
This means the loss of valuable materials. It is thought 
that process flaring leads to an average loss of about 0.15-
0.5% of feed stock in refineries and petrochemical plants.
In a refinery of 200,000 barrel/day capacity and with crude 
oil at $25 per barrel, this could mean a daily loss of as 
much as $1 1 ,0 00^^.
10
fbl Environmental considerations
Environmental considerations are principally those of 
air pollution and noise. Air pollution is in the form of 
visible smoke; however, unburned hydrocarbons, SO2 and NO^ 
are possible pollutants whose appearance is far less conspicuous 
In the case of H 2S flares, the dispersion of this toxic gas 
as the result of any incompleteness of combustion may be a 
problem. The potentially far more serious problem of flame- 
out on an H 2S flare is very unlikely to arise, because the 
pilot light systems used on flares have been developed to a 
very high level of reliability. For example, it has been 
shown that pilot lights on a hydrogen flare have provided 
ignition up to wind speeds of 134 km/hr. Once the flame was
ignited, winds up to 176 km/hr and simulated rain of 114 mm/
1 7hr failed to extinguish the pilot flame
When the available oxygen in a hydrocarbon fuel/air
mixture is progressively reduced, the combustion products 
c h a n g e .
Table 1.3
Mixture Products
Stoichiometric Carbon dioxide and water
Slightly rich Carbon monoxide and water
Rich Carbon monoxide and hydrogen
Very rich Carbon, carbon monoxide and hydrogen
In general, accordance with this concept of relative 
affinity, it is found that for most gaseous premixed fuel/
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air systems, carbon formation occurs when the oxygen to carbon 
weight ratio is less than 16/12 = 1.35. This corresponds to 
equivalence ratio (j) weaker than <j> = 3,
1 . actual fuel/air ratiowhere (|> = ---------------- -------------
stoichiometric fuel/air ratio
In practice, a safe limit is (f> = 1.5®; however, this depends 
on other factors such as the rate of secondary air addition^^.
To suppress smoke formation in process flaring, it is 
customery to inject steam into the flared gas.
The amount of steam per unit mass of hydrocarbon depends both 
on the type of hydrocarbon [least - for light saturated h y dro­
carbons) , increasing with molecular weight and degree of u n ­
saturation; most " for aromatics) and on the design of the 
flare tips. In practice, those ratios change from some 0.2 kg 
steam per 1 kg hydrocarbon to over 1 kg steam per kg hydrocarbon,
This process of steam addition is the principal source of 
noise in the flaring process. Steam injection may produce
noise in two ways. The first is jet noise associated with the
high velocity steam jet. The second is a more direct effect
of the steam injector process on the acoustics of the entire
flare system including the stack, the liquid-seal drum in its 
base, and the flare headers. It is manifest in a sub-audible 
vibration at low flaring rates and high steam flows, which 
becomes an environmental noise problem when it rattles windows 
in a neighbouring community. This appears to be just one of
1 nseveral low-frequency noise phenomena associated with flares
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Carbon monoxide is formed when there is insufficient air 
in the reaction region to complete combustion.
Aldehydes are formed when the flame is quenched before 
the reaction is complete. Quenching may be due to the p r e ­
sence of cold walls, or mixing with excess cold air, or flame 
stretch effects.
Oxides of nitrogen are formed when the flame attains 
extremely high temperatures. Oxides of nitrogen present a 
difficult problem in high temperature and high intensity 
burners which produce higher concentrations of NO.
If the burner can be operated on very weak mixtures 
l/(j) > 1.4, then low NO formation is feasible. A slight d e ­
crease in l/<j) from stoichiometric to about 1.1 results in 
an increase in NO since the temperature is still high, and 
more oxygen is available to form the oxygen atoms and hence NO
(c) Safety
Combustion noise is not generally a problem in process 
flaring. However, at emergency flaring conditions when the 
gas discharges at some 100 m/s, the flame could be noisy.
It should be noted, however, that in these circumstances, the 
more serious aspect is the safety problem caused by thermal 
radiation from the flame. There may also be massive smoking, 
since it is entirely impractical to maintain a stand-by 
steam capacity of some 10^ kg/hr for instant diversion to the 
flare during an emergency.
Thus, the principal problem in emergency flaring is one
1 3
of safety. Personnel and sensitive structures must be p r o ­
tected from the intense radiation emitted by a long sloping 
flame, flame lengths of the order of 100 m have been reported
by eye witnesses but not documented in a number of emergencies 
1 7Grumer et al have reported a flame 90 metres long on a flare 
of 0.75 metre in diameter discharging hydrogen at 720 m/sec.
One way of ensuring safety is to "sterilise" an area 
surrounding the flare. At this point, the safety problem 
leads to an economic one because the space can be very ex­
pensive, particularly if it lies within a plant which is sur­
rounded by built-up areas and which is ultimately needed to 
17expand capacity
1.7 Key Factors Affecting the Design of Smokeless Flares
1. Quantity and distribution of oxygen in the combustion zone.
2. Temperature in the combustion zone.
3. Type of hydrocarbon being burned.
Other factors to consider are noise generation, heat 
radiation, the availability of utilities flaring rate and 
f r e q u e n c y .
1.7.1 Oxygen in the Combustion Zone
The amount and distribution of oxygen is the most critical 
determinant of smoke production. For complete combustion a 
stoichiometric quantity of oxygen (or the equivalent of air) 
is required in the burning zone. The equivalent stoichiometric 
air requirements vary with the class of combustibles (paraffins.
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olefins, etc.), but are essentially constant within a class.
For smokeless combustion of a paraffin approximately 20% 
of the stoichiometric quantity of air must be evenly distri­
buted in the primary mixing zone. For smokeless combustion 
of an olefin, the primary air quantity must be increased to 
30% of the stoichiometric volume; the remaining air required 
to complete the combustion process is induced into the flame 
through aspiration and thermal draft effects. Complete c om­
bustion of propane requires 15.7 pounds of air per pound of 
hydrocarbon of the stoichiometric amount in the primary air. 
This air must be well mixed with the flare gas to flame igni­
tion or carbon black and soot will form due to incomplete 
oxidation taking place.
1.7.2 Combustion Zone Temperature
This is the second most important factor in the design 
of a smokeless flare. Temperature has a direct effect on the 
amount of smoke formed because it affects the amount of ther­
mal decomposition that takes place. Since decomposition in­
creases with temperature, the amount of smoke increases as 
temperature increases. If water or steam is correctly in­
jected into a smoking flare stream, the amount of smoke gene­
rally decreases. Addition of water or steam lowers the c o m ­
bustion zone temperature by dilu^tion, by turbulence which 
increases the amount of air aspirated and distributed in the 
flared gas stream, and by creating the endothermie carbon- 
water reaction. Lowering the combustion zone temperature 
prolongs the oxidation process and minimises the permissible 
amount of hydrocarbon decomposition.
1 5
1.7.3 Hydrocarbon Type
The hydrocarbon which is burned is a key factor. Tests prove 
that,at the same critical temperature dissociation or decompositioi 
increases as the carbon/hydrogen ratio increases; consequently 
unsaturates both dissociate easier and make more smoke than 
saturates. In addition, unsaturates require more primary air, 
with at least 30% of the stoichiometric quantity in the primary 
mixing zone for smokeless combustion to occur. Therefore, a 
flare designed for unsaturated hydrocarbons requires more air 
per kilogram of flare gas than one designed for smokeless o pe­
ration with saturates.
The energy required to mix oxygen or air with a combustible 
material may be provided by the flare gas stream through p r e s ­
sure reduction and/or thermal draft or by an external source, 
such as steam injection, power gas assist or a blower fan.
The most common technique is air aspiration through pressure 
reduction of activity - steam, water, or fuel gas - across a 
nozzle which discharges to the atmosphere^^.
1.8 The Technology of Flare Tips
The most common types of smokeless flare tips for elevated 
flares are:
1.8.1 Pipe flares
1.8.2 Centre steam flares
1.8.3 Ring steam flares
1.8.4 Wall jet/Coanda flares.
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1.8.1 Pipe Flares
It is a widely held belief that a pipe flare is merely 
an open-ended tube mounted on a tall stack, on top of which 
issuing gas is burned. This is not true; to be regarded as 
a flare, the pipe flare must offer reliable ignition and flame- 
stability, together with a maximum tip life with the minimum 
of maintenance. Very simple pipe flares offer none of these 
pro p e r t i e s .
Generally, pipe flares are stable at very low gas v e loci­
ties because the flare is given intervent stability by a lami­
nar boundary layer of gas. As the exit velocity rises, h o w ­
ever, the Reynolds number reaches a critical value where the 
boundary becomes turbulent and stability is lost. This in­
stability persists through progressively higher Reynolds n u m ­
bers until, once again, a critical value is reached where the 
flare itself starts to shed sufficient turbulent eddies to be 
re-established. Thus, pipe flares can be confidently used 
over a wide operating range.
The pipe flares are usually used for sudden venting of 
large quantities of gas, so the ignition from the pilot must 
be completely reliable. This means careful positioning of 
the pilots, accurate consideration of the diameter of the 
flare and flame type, and finally, the flow range over which 
the flare is going to be used. Usually the pipe flares are 
manufactured from high-quality alloy steel^^.
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1.8.2 Centre-Steam Flares
Centre-steam flares offer the cheapest provision for 
smoke suppression in installations in which only small quan­
tities of heavy saturated plus normal unsaturates are flared. 
The fuel and steam are well mixed at low flaring rates even in 
a strong wind. The useful thing is that the steam nozzle is 
not susceptible to heat exchange in the absence of steam flow.
In these flares the steam is usually not used to entrain 
air into flame; for that purpose a greater proportion of steam 
fuel is required for smoke suppression than in other flares. 
There is a distinct possibility of steam noise at peak steam 
flows, depending on location and design of steam nozzle.
The principal elements of centre-steam flare tips are 
made of high-temperature alloys with refractory linings plus 
pilot lights, nozzle lip or perforated flame holders, and 
sometimes they may have wind screens surrounding tip of flares,
1.8.3 Ring Steam Flares
Steam ring flares are constructed from high-temperature 
alloy, usually lined with refractory, and consists of a nozzle 
tip, perforated flame holder, with steam-ring header and 
steam ring nozzle.
It is considered to be the cheapest provision for smoke 
suppression for installations in which large flows of heavy, 
both saturates and unsaturates may be flared. The steam is 
used here to entrain air into the flame, thus lowering the 
proportion of steam/fuel for smoke suppression. A centre
steam nozzle could be fitted on this type of flare, converting 
them to wide range flaring rates. They tend to be used in 
refineries and petrochemical plants.
Steam-ring flares are sometimes noisy when they are used 
at high flaring rates and they are very susceptible to damage 
by heat in the absence of steam flow. They are not very effect­
ive at low flaring rates, particularly in strong winds, because 
the excessive steam use under these conditions can produce both 
jet noise and low-frequency n o i s e ’.
1.8.4 Wall-Jet/Coanda Flares
The steam wall-jet flares consist of perforated conical 
mixing sections into which air is entrained by steam-driven 
Coanda jet ejectors. They are used for confined mixing of 
fuel with steam and induced air which leads to a very efficient 
use of steam. These flares are much quieter than sonic steam 
jets from nozzles in typical steam-ring designs. The openings 
in the mixing section for such kind of flares may cause p r o ­
blems with flame stability at low flaring rates in strong winds
Excluding the above, there are many kinds of flares using 
a similar phenomenon, known as the Coanda effect.
BP have developed flares a, b, c , first through their
Sunbury Research Centre and then at Kaldair Company, and those
are:
a. Indair flares (see Fig. 1.2);
b . Stedair flares (see Fig. 1.3);
c. Mardair flares (see Fig, 1.4).
d. Smoke ban.
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A  brief description will be given below for each of the above 
BP inventions, while they will be fully described in Chapter 2.
a . Indair_flares
These are tulip shaped nozzles with low-pressure gas flowing 
through them and high pressure flowing over them. The high- 
pressure gas remains as a wall jet and follows the curvature of 
the nozzle wall, the Coanda Effect, whilst entraining air. The 
low-pressure gas burns within the high-pressure gas flame.
The entrainment of air into the high-pressure wall jet is
relatively efficient and silent, smoke and flame luminosity are
suppressed. As the jet of the high-pressure gas also cools the
wall, it need not be constructed of high-temperature materials.
These flares may be operated vertically or horizontally
without significant liquid carry-over, and are used where high-
17pressure gas or steam is available
b. Stedair flares
These are steam injection process flares in which low- 
pressure steam is employed to entrain sufficient air to achieve 
complete combustion at around atmospheric pressure. The steam 
is fed into the annular chamber between two concentric tubes.
It is ejected radially from a slot at the top of the chamber 
and follows the curve of the Coanda profile, which encircles 
the top of the main gas duct. As the steam follows the curved 
surface, it entrains up to 20 times its own volume of air. The 
combined steam and air supply mix with the fuel gases immedia­
tely above the tip.
Smoke formation is suppressed by a combination of efficient
20
aeration and good mixing of the steam, air and flue gases. In 
addition, flame temperatures and carbon particles formation are 
reduced by the water gas shift reaction.
The injection of increasing the amount of steam into the 
combustion zone causes a gradual decrease in the amount of 
smoke. Further steam injection leads to invisible flames in 
daylight, blue at night. A steam-control system is usually 
added to yield economical steam usage. This kind of flares does 
not need sophisticated materials of construction but can be 
constructed of conventional alloy steels, and yet needs minimum 
m a i n t e n a n c e .
c. Mardair flares
These flares utilize the Coanda principle also. They are 
nearly the same as the Indair flares, but can operate at flow 
rates ranging from the maximum, down to low purges. They are 
lighter, with shorter flames and have a lower level of radiation 
The Mardair flare is ideally suited to small-field, offshore 
operating platforms or early production systems^^.
d. The smoke ban
This is a converging-diverging conical shroud. The flared 
gas flows from the stack into a centre body from which it emer­
ges through slots into radial spokes. Steam nozzles mounted on 
a steam ring under the shroud induce an air flow over the spokes 
inside the shroud.
This kind of flare is used for high capacity smokeless 
flaring, on account of the large area provided for mixing the
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flared gases with air and steam. The steam is used to induce 
an effective air flow inside the shroud, whilst the shroud 
provides acoustical shielding for the steam nozzle^^.
1*8.5 Ground Flares
Ground flares are refractory-lined ducts, standing inside 
a louvred enclosure, having a number of small burners mounted 
on headers (see Fig. 1.5). Pilot burners are provided by an 
independent gas supply.
This type of flare is usually specified for low capacity 
installations. Compared with an elevated flare it is cheap, 
unobtrusive, and can be constructed either amongst process units 
or close to property lines. Its flame is generally blue with 
minimum radiation. Because of the small well separated burners, 
the flames are clearer than single large diffusion flames.
They have a wide turn-down ratio, which can be increased by 
staging the gas flow to headers.
Because of burner design, ground flares cannot be used 
for plant-wide emergency flaring, but are very specific for 
normal flaring duties. They need extreme reliability of flarae- 
out protection when burning toxic gases or gases heavier than 
air, since wind dispersion at the top of a stack is not a vai­
lable in the event of f l a m e - o u t ^ ^ .
1*8.6 Burn Pits
In rare instances, where sufficient space is available 
and air pollution control regulations lax, large quantities of
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waste gases and liquids may be disposed of in a burn pit .
A burn pit is a shallow depression in 
the ground, 4 lo 6 ft deep and 30 to 40 ft square. The flare 
line is installed so that it slopes continuously towards the 
pit which acts as a reservoir for burning the liquid layer 
beneath the vapour phase.
Small burn pits may be constructed from concrete with 
brick linings. Larger pits are frequently a natural excava­
tion, surrounded by an earth or rock bund wall. The burn pit 
has the only advantage of low capital operating and m a i n t e ­
nance costs. Ignitors and pilots may be supplied, but flaming 
arrows have been used.
Burning pits have been modified to reduce smoking by in­
stalling venturi-type burners, water sprays, and sometimes 
steam. Liquids are usually processed in knockout drums and 
do not go directly to the burn pit. Recently, however, some 
companies have installed burn pits suitable for liquid/gas 
d i s p o s a l .
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CHAPTER TWO 
LITERATURE SURVEY
2.1 The Coanda Effect and its Applications
2.1.1 Invention
When a free jet leaves a nozzle, the emergent stream will 
tend to follow either a curved or an inclined surface^^; The 
name "Coanda" is derived from the discoverer of this effect in 
early 1934, Henri Coanda, who was Rumanian by birth, but 
was working for a French company, Société Anonyme d ’Etudes des 
Brevets et Procèdes Coanda. At the time it was here that he 
observed the flow attachment effect, which was subsequently 
named after him. Since 1934, many British, American and French 
scientists have applied the Coanda phenomenon (but it was not Icnown 
as such) to a number of inventions in different scientific fields.
2.1.2 Coanda Patents
Since 1934 Henri Coanda himself has applied the Coanda 
effect phenomenon to a number of inventions. They may be c a t e ­
gorized as follows:
a. Improvements in silencers for firearms, internal 
combustion engines and the like;
b. Devices relating to the production of thrust forces;
c. Better atomization of liquids;
d. Other uses.
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2.1.3 Applications
The Coanda type flow phenomenon has far-reaching conse­
quences in many chemical engineering processes, such as:
a. Mixing devices.
Panitz and Wasan^ stated that the Coanda Effect has been 
used in Distillation, Liquid extraction. Gas absorption and 
Desorption, as well as in Liquid solid processes where fluids 
are contacted over solid packings and mixed, often at very high 
v e l o c i t i e s .
The Coanda Effect has potential applications in the areas 
of Water purification. Liquid atomizers and Spraying devices. 
Moving devices and Smoke control through the design of smoke­
less flare tips, which is the particular study of this thesis.
Panitz and Wasan^ stated also that the cooling effect of 
a Coanda Effect pump makes it feasible for the pumping of 
cryogenic fluids where temperature is a critical factor; the 
high degree of turbulence and mixing makes Coanda devices very 
attractive as burners and combustion devices.
b . Fluidics
The Coanda Effect is used in hydraulic computers and in 
the control field of fluidics where boundary layer control 
is important .
2Gaskell has reported the use of fluidic logic valves in 
emergency resuscitation apparatus, which combine speed and 
simplicity of operation with maximum efficiency and reliability
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Flow meters with no moving parts have been previously 
reported, but Andreiev has recently produced a system working 
on the fluidic principles underlying the "Coanda Effect", the 
system being known as a fluidic oscillator. The frequency of 
this fluidic feedback oscillator is a function of volume flow
rate. A prototype of this flow meter has been in use now for
over two years to check the calibration of new and repaired 
domestic gas meters and has proved to be reliable, highly r e ­
peatable and stable for long periods. Because of this it has
been used as a reference gas flow meter as reported by Wright^.
A fluidic control circuit has been invented by Joby^ to 
produce a high-power output signal when the ratio of a first 
and second control pressure is above a predetermined value.
The circuit includes a bistable "Coanda Effect" device which 
changes its flow state in accordance with the said ratio. An 
output from the bistable device provides the control for m o d u ­
lation of a relatively high pressure in an intermediate stage. 
The output of the intermediate stage forms a control for a 
final stage in which flow of fluid from a nozzle to an outlet 
is interrupted by causing swirling about the axis of the nozzle 
Accurate sensing of pressure differentials by the bistable . 
devices is thus combined with the high power amplification of the 
output stage.
oHuggett has improved the "fluidics" design in plate in­
strumentation; what he understands by "fluidics" is a digital 
device working on the wall attachment or "Coanda Effect" with 
no moving p a r t s .
n
There was a major criticism"on the fluidics, namely that
2(1
the equivalent electronic systems can do the same job faster, 
as reliably and for a lower cost. With the corrected design 
the fluidic control system offers environmental immunity and 
long term reliability and if the system is required to operate 
in a hazardous, high temperature, damp, corrosive, dusty or 
radioactive environment, the commercial comparison becomes less 
than clear-cut. The new design is now used extensively in many 
types of industry and mainly the chemical industry.
c. Propulsion.
In 1934, one of the earliest patents on the Coanda^ 
principle relates to the discharge of fluid under pressure into 
another fluid of lower pressure has for its object the creation 
of a force operating in the same general direction as the d i s ­
charging fluid stream^. The patent stated that "It has been 
discovered that if the slot through which the high pressure 
stream is discharging to the low pressure stream is made of 
relatively narrow dimensions in relation to its length, and a 
suitably curved surface is arranged at one side thereof. The- 
issuing stream of fluid will be ceased to follow this curved 
surface and thereby create a depression in front of the body 
in which the slot is formed,with the result that the body 
tends to move forward into the depression, that is, in the same 
direction as the issuing stream of fluid". This is the basis 
of the Coanda propulsion device.
7Hart invented an application to provide electric power 
supplies to gas cushion vehicles operating along prepared 
tracks. In such arrangements the vehicles carry the pick-up 
mechanisms and the conductor rails extend along the tracks.
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By a gas cushion vehicle is meant a vehicle w h ich is adapted, 
in operation, to be at least partially supported over its track 
on a cushion of pressurised gas.
2.1.4 Analysing Coanda Flows
Some of the Japanese designers' have designed some t e c h ­
niques for measurement of Coanda flow in fluidic elements using 
liquid by some new optical methods: If we want to analyse
Coanda flow in a fluidic element using a fluid, quantitative 
non-contacting flow m easurement is necessary. A hydrogen bubble 
technique is a hopeful m e t h o d  for the quantitative measurement 
of the flow velocity distribution. Disadvantages of this 
are that electrodes are n e c essary to be inserted into the water 
and that the liquid used should have an electrolytic nature.
In order to measure quantitatively and two-dimensionally 
the Coanda flow in a fluidic element using a fluid, several new 
optical methods were investigated, for example the method of a 
Lager droppler velocity meter (L.D.V.), the flow birefringence 
method, the method using luminescence and the quantitative 
tracer method.
Khanin^^ stated a potential model of the Coanda Effect in 
which,he examined three schemes of potential flow around a c o n ­
vex contour, free jet in the presence of a jet-directing wall 
extending to the contour (without a g a p ) , and in the presence 
of a jet-directing wall not extending to the contour (with a 
gap). It is assumed that the jet is not branching, flows around 
the contour and on one side. The existence and - with some 
limitations - uniqueness of the solution of integral solutions 
corresponding to the first two schemes are proven. Their ana-
2 p.
lytic solutions are given for the case of a flow of a suffi­
ciently thin jet around a circle. The first problem is c al­
culated numerically in the entire region of the parameters.
Mitsunaga and Takagishi^^ have stated in their work for 
the laminar flow patterns in two dimensional suddenly expanded 
conduits and influence of temperature on them. While water was 
fed down into vertically supported two-dimensional discon- 
tinuously diffusing conduits, and Reynolds numbers were taken 
to be low enough to keep flows within laminar regions, that is, 
for Reynolds numbers higher than a certain critical value, the 
Coanda effect occurs even if flows are laminar. When the tem­
perature difference between a reattached wall and water e x ­
ceeds a certain value, a flow pattern changes into one in which 
the jet attaches to the opposite wall. In an asymmetrically 
expanded duct, two different kinds of steady and stable flow 
patterns can be obtained.
2.2 Acid-Alkali Modelling of Flames
2.2.1 Physical Modelling in General
Various means of observing flow patterns in equipment 
have been developed, which have enabled research and develop­
ment engineers to understand exactly what is happening to the 
flow. It is generally accepted that "seeing is believing" and 
so observing exactly what is happening to the flow in relation 
to its constraining boundaries yields valuable information to 
confirm whether or not a design is satisfactory, or whether 
that design can be modified to improve its performance. In 
short, many hours of development can be saved by applying the
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data obtained from a few minutes observation on a flow v i s u a l ­
ization model.
The use of transparent models for observing flow patterns 
is now recognised as being an essential service to combustion 
research and development engineers. Information obtained from 
such models proves or disproves theoretical hypotheses and c on­
tributes to the stock of design data available for subsequent use
One of the earliest examples of the use of transparent 
models to investigate gas flow was used by the Russian scientist 
Groume-Orjimailo , who investigated the flow of gases in fur­
naces. Applications have been extended during the past f o r t y  
years to cover most branches of industry associated with fluid 
flow.
Inwater models, the basis for similarity is equality of 
Reynolds number in the furnace and model. Further, the com­
bustion air to fuel mass flow ratio is adjusted to be the same 
on the model as on the plant. In order to achieve the correct 
mixing and flow patterns within models of oil-fired furnaces, 
the burner nozzle diameters are not simply geometrically scaled 
down, but on allowance has to be made for the considerable d e n ­
sity change of the nozzle fluid as it expands in the furnace.
This momentum change may be compensated for if the nozzle sizing 
is in accordance with the conditions formulated by Thring and 
Newby^  ^ .
m
° ^  ..............
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where r = model burner radius in centimeters x 10"^ = meters m
S = geometric scaling factor
= mass flow rate of nozzle fluids in grams/sec. =
X 10"3 = kg/sec. 
p^ = density of flame gases in grams per mm 
G q = momentum flux through nozzle in dynes x 1 0 ”  ^ = N
Values for G^, the actual burner thrust, are obtained from 
test rig measurements. Substituting in equation (2.1), typical 
values relating to a sheet glass furnace, leads to a burner 
diameter of about 5/32" with a 1/24 scale model. The combustion 
process within a furnace consists of mixing fuel with air, f o l l o ­
w ed by an almost instantaneous burning. The main rate c o n t r o l l ­
ing factor is the mixing; better mixing produces more rapid c o m ­
bustion and usually a shorter flame.
2 2Inman concluded from his work on glass tank furnaces 
that slice models are a quick and inexpensive way of studying 
design changes in a furnace. The flame length, derived from 
the model, may differ slightly from that which is obtained on 
the actual plant, but its response to changes in atomizing air, 
combustion air, burner p o s i t i o n  and in design details, is in 
the same sense. The ease wit h  which these models can be 
modified and further studied makes this a particularly valuable 
tool whe n  time is at a premium.
During the early part of this century, the concepts of 
Groume-Griimailo had a major influence on furnace design in 
the metallurgical field, and in both his calculations and his 
model work on furnace chambers, he made allowance exclusively 
for the effect of differences in buoyancy of the burned and
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and unburned gases. His liquid models, widely used, were 
fed with kerosene (coloured) and water in separate streams 
which stayed separate in the furnace. No attention was paid 
to a simulation of inertia forces or mixing patterns.
2.2.2 Acid-Alkali Techniques
The reaction of an acid and an alkali exhibits very simi­
lar characteristics in that, again, the controlling factor is 
the rate of mixing of the reactants. It is tenable,then to 
draw an analogy between the combustion process in a furnace 
and the neutralization of an acid and an alkali in a working 
model. The addition of a suitable chemical indicator allows 
the progress of neutralization in the model to be observed.
The coloured region so produced usually closely resembles a 
furnace flame. An important aspect of this similarity is that 
the effect of burned gases on the flames is reproduced in 
these models, since the recirculating reaction products also 
dilute the "flames".
Between 1936 and 1941, Hawthorne"^ directed some invest­
igations at M.I.T., only part of which were subsequently 
published. An acid was used to represent combustion air and 
caustic s.vOda, suitably coloured, was used to represent the 
fuel. No attempt, however, was made to represent real combust­
ion chambers.
2 2Street and Twamley introduced alkaline or acidic traces 
into gaseous streams and by means of detectors soaked in 
indicator solutions, were able to achieve a pattern of spatial 
concentrations within representations of boilers.
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.Inman^^ suggested the use of a simple isothermal model 
as a guide to the flame behaviour in a glass furnace, and he 
stated that the representation of flames in combustion chambers 
has prompted many workers before him to devise several inge­
nious techniques. Among these was Groume-Grjimailo as mentioned
2 2above, and Kirpitsoheff , who used two streams of water, one
hotter than the other, to represent the air and fuel, and by
using a schlieren arrangement, the progress of these streams 
could be followed. Inman's model technique is an extension 
of the more usual techniques associated with water models.
2.2.3 Early Experiments of Weddell and Hawthorne
To establish the similarity of turbulent jet flames to 
cold jet mixing, a programme of study was conducted in the 
Chemical Engineering Department of M.I.T., during the period 
1936-1941, involving concentration traverses, radial and axial, 
of acid-alkali flame jet models, and corresponding measurements 
on a wide variety of burning fuel jets, including hydrogen, 
hydrogen-air, city gas, city gas-carbon dioxide, hydrogen-pro- 
pane, propane and acetylene.
19Hottel stated that the liquid model work of Weddell referred 
to previously,had not been published and stated that when a 
caustic soda solution doped with phenolphthalein discharges 
at sufficiently high Reynolds number into a large reservoir 
of acid, the turbulent jet produced strikingly simulation of 
a turbulent flame. When the normality ratio R of alkali to 
acid is varied to simulate variations in an air requirement 
of a fuel gas, the jet length to the disappearance of colour
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varies correspondingly. If the Reynolds number is high enough 
to produce a fully developed turbulent jet, then the turbulent 
length to colour disappearance, expressed in nozzle diameters,- 
is found to be substantially proportional to the normality 
ratio R. Since the normality ratio R is the volume ratio for 
neutralization, it is seen to be the equivalent of [1/C^ - 1) 
in flames, and
a (1/C_ - 1)   (2.2)
d '■
where
L = flame length, nozzle to visible tip 
s = break point length, distance from nozzle to point on 
flame where eddies show 
d = nozzle or orifice diameter 
Crp = mole fraction of nozzle-fluid in sample in a stoichio­
metric mixture.
The average acid-alkali volume ratio at the visible colour tip 
of a liquid jet is of course higher than that which corresponds 
to neutralization, because of the incompleteness of mixing, or 
rather, the lack of attainment of complete mixedness or h o m o ­
geneity at the flame tip.
2.2.4 Ruhland's Cement Kiln Model Work 
81Ruhland carried out some basic research to investigate 
flames in the cement industry. An equation for determining 
the characteristics of kiln flames from work on a straight and 
non-distorted jet of fuel produced by means of a liquid r e p r e ­
sentation was established, and the equation partially confirmed
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by measurements carried out on the flame in the kiln. The 
results of the tests appearing in the equation allow infor­
mation about the design and the operation of rotary kilns to 
be deduced. Kiln flames of a low percentage of primary air, 
and also natural gas flames are much longer than the customary 
coal dust flames. To reduce the length of these flames, it 
is necessary to develop and test burners wliich would yield an 
improved mixing effect between the fuel and the secondary air.
As the amount of the excess air approaches zero, the flame 
becomes considerably longer, even though the change in the 
ratio of fuel to air may be very small. Hence a constant 
ratio of air and an absolutely uniform feed rate of fuel is 
needed.
2.2.5 Work of MacFayden et al on Glass Tank Models
2 3Khan and MacFayden reported that they have been using
the acid-alkali technique for some years now to assist in the
choice of burner systems and operating conditions for plant 
fired with turbulent diffusion flames. They had the opportunity 
to undertake a vigorous comparison between the flame length 
predictions of an acid-alkali model and full scale flame m e a s u r e ­
ments carried out under controlled conditions. The work above 
was done by using a purpose-built perspex model; then ^nine 
natural gas turbulent diffusion actual flames were simulated 
in the acid-alkali model, while attention was paid to correct 
reproduction of nozzle thrusts and recirculation patterns.
The preparation of the acid and alkali solutions and the 
accurate monitoring of their relative strengths and flow rates 
were found to be important factors in the accuracy of the model
flame length predictions, but they faced some problems in re-
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cording the fluctuating "flame zone" in the model which they 
were able to overcome during the work.
2 3From the above work, Khan and MacFayden ‘ came with a 
conclusion, namely that changes in flame length brought about 
by alterations in the nozzle design or excess air level were 
reproduced in the model with errors of less than l5%. Further 
they found out that the majority of the flame length p r e ­
dictions were approximately 10% lower than the measured values.
MacFayden and Page^^ continued with the work that Khan 
2 3and MacFayden had started. They took nine of the test 
flames to be simulated using the acid-alkali technique. Their 
work described briefly the furnace trials, discussed the 
design and operation of the model and came to a conclusion 
by comparing the flame length predictions from the model with 
the values measured on the furnace.
As a result of this direct comparison with measured 
flame lengths, it was possible to emphasise the important 
aspects of the model design and experimental procedure for 
optimising the accuracy of the predictions of the lengths of 
turbulent diffusion flames in large industrial furnaces. To 
come out with what was mentioned above, they discovered that 
the following procedure should be followed and observed to 
avoid any erroneous flame length predictions.
a. The model must be designed to allow for the fact that 
it is isothermal;
b. The strength of the acid and alkali solutions used
in the model must be sufficient to give predictable pH indicator
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behaviour, they found that 0.1 alkali normality was the best.
c. Accurate preparation and titration of the solutions 
must be carried out, so that a normality ratio equal to the 
stoichiometric air requirement of the fuel (mass basis) is 
closely reproduced.
d. The acid and alkali flow rates to the model must l i k e ­
wise be accurately controlled to ensure that the excess acid 
level in the model corresponds with the excess air level in 
the furnace. Inaccuracies in flow metering to the models can 
be overcome by the adoption of an effluent analysis procedure, 
analogous to flue gas analysis on a furnace.
e. A  method of recording and analysing the fluctuating 
simulated flame lengths is required. Time exposure p h o t o ­
graphy was found to be unsatisfactory, and is not recommended. 
Repeated "still" photographs enable flame length fluctuations 
to be handled statistically, and a reliable mean value to be 
c a l c u l a t e d .
2.2.6 Acid-Alkali Mo d e l l i n g  of Rotary Kilns and Flares 
at the U niversity of Surrey
Moles, Lain and Shaw^^ reported the determination of 
flame lengths and firing pipe diameters in rotary cement 
kilns. Experimental w ork was carried out in five trials on 
the Barnstone kiln, and presents the full results obtained 
from those trials, together with a complete analysis obtained 
for the above trials and other to check wit h  the conclusions 
reached from the "cold model" work being carried out s i m u l t ­
aneously at the University of Surrey (FERGUS). It was possible
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then to combine these full size plant results with l ’::24 
scale acid-alkali model results to obtain generalised design 
and operating equation for plant use. This combined equation 
enabled the flame characteristics in any rotary kiln system 
to be predicted from a knowledge of the fuel/air input variables 
and kiln entrance geometry.
Acid/alkali mod e l l i n g  systems for rotary cement kilns
and flare have been under investigation by FERGUS for over
ten years now, and considerable know-how already exists with-
2 9in the Group. Moles, Jenkins and Tate reported the outlines 
of the feasibility study results of the use of physical acid/ 
alkali models to simulate the mixing characteristics of Coanda 
jet entrainment furnaces as used in the design of BP Research 
C e n t r e ’s Indair, Stedair and Mardair gas flares. The results 
obtained indicated areas of poor mixing and stagnant flow 
with i n  the flare jet, w h ich would lead to soot formation in 
the real flare system. Modi f i c a t i o n  of the Coanda profile, 
in a second series of tests, indicated that these areas of 
poor aerodynamic mixing could be eliminated or minimised.
The above investigation has proven that physical modelling 
of flare systems is feasible ,and that it provides a quick, cheap 
alternative, and corrol^^y to full scale field trials.
The author has carried on this investigation for a more 
modified Coanda profile in a third series of tests in order 
to reach the best aerodynamic mixing w h ich could completely 
minimise the soot formation in the real flare system.
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2 . 3 Flaring
2*3.1 Conventional F lares
■Gibson and Vinson^^ reported the injection of steam, 
water or air to prevent smoke formation used for special 
burners. They described the installation as a conventional 
steam aspirated flare tip mounted horizontally. Steam is in­
jected through a manifold to several jets into the gas stream. 
Another jet directs steam into the gas stream inside the 
burner tip. They described an installation in a gasoline 
plant. The burner tip is 16 in. O.D. by 8 ft long, identical 
to a steam injection flare but without the steam injection 
equipment.For normal flaring they suggested the water injection 
supply to be about 100 gallons per minute at 30 pounds per 
square inch gauge. For maximum flaring of 155,000 pounds per 
hour of hydrocarbons, the water is suggested to be increased 
to 600 gallons per minute at 100 pounds per square inch ga
LauderbacklS reported to use water instead of steam to 
aspirate air into the flame. He described a petrochemical 
plant installation in which a number of spray nozzles produce 
a water fog to enclose the tip of a horizontal flare. A small 
water stream supplied for normal operation of the flare is 
increased as necessary during heavier flaring conditions, the 
maximum water rate is 1925 gallons per minute for a 42 in. 
flare burning 50,000 pounds of hydrocarbon per hour.
repotted a functional design procedure for flare 
stacks provided with pilot burners, with or without steam in- . 
jection for smoke control using the Coanda effect in that aspect.
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Brzustowski'^ stated in his paper a solution for smoke 
problems in flares by injecting steam into the flared gas. 
Various ways of doing this were described in this paper. He 
pointed out that the amount of steam per unit mass of h y d r o ­
carbon depends both on the type of hydrocarbon (least for 
light saturated hydrocarbons) increasing with molecular weight 
of unsaturation (most for aro m a t i c s ) , and on the design of 
the flare tips. In practice, these ratios range from some 0.2 
kg steam per 1.0 kg hydrocarbon to over 1.0 kg steam per 1.0 kg 
h y d r o c a r b o n .
2.3.2 Coanda Flares
Panitz and Wasan^ reported a study for the visualisation 
using a biréfringent milling yellow dye solution, flowing over 
a deflection surface consisting of flat plates.
A two-dimensional flow channel with transparent side 
walls was used. Photographic observations of the development 
of the Coanda effect reveal the method of flow attachment and 
confirm a number of literature predictions. One of the most 
interesting of these phenomena is the existence of a well d e ­
fined mixing region along the deflection surface. A simpli­
fied model of the flow field has been proposed in order to 
describe the mechanisms governing the Coanda effect.
The model is supported by experimental data consisting 
of profiles obtained along the deflection surface, and second­
ary flow entrainment mechanism. The results of the experi­
mental study reported by the authors above do not establish 
the direction of the velocity gradient at the Coanda surface 
and the local velocity in a flowing fluid. Panitz and Wasan^
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stated that these measurements need to be made to further 
elucidate the mechanisms governing the Coanda type flow and 
to provide design information necessary for the intelligent 
application of the effect.
2.3.3 Early Flare Work
.13Swithenbank reported that he had used the Coanda effect 
in his experiments to eliminate the noise output and to design 
a low pollution unit, which he described as follows:
Some fundamental factors controlling the emission of p o l l u ­
tants by an industrial combustion system are illustrated by 
reference to gaseous hydrocarbons from flare stack combustion, the 
formation of smoke, radiation and nitric oxide may be con­
trolled by limiting of the premixed fuel/air ratio to moderately 
rich mixtures.
The factors which determine the design of a suitable 
Coanda mixer are shown to be area ratio, density ratio and 
pressure ratio. An important pollutant for large burners is 
the combustion roar. Fuel type and mixture ratio only affect 
the concentration noise output by about 5db. The dominant 
factor in the generation of this noise is the burner tur­
bulence, which can be controlled to reduce the combustion roar 
by up to 20 d b . Burner cost consideration leads to the current 
use of simple flare tips; however, the eventual use of more 
technically low pollution units is inevitable.
2.3.4 Kaldair Flares
To produce a new generation ^ of flaring equipment, BP
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and other companies started to explore a new field of p r o ­
duction. Early in 1967, as part of a programme to explore 
new burner concepts, the BP Research Centre in Sunbury con­
ceived the idea of using the Coanda effect as a means of en­
training air into the gas supply of premixed gas burners.
The first trials were done on internal venturi pumps, 
with throat diameters of a few inches, having a radially in­
ward facing slot at the base; this seemed to be encouraging.
The principle of operation of the device is quite simple. 
A  laminar jet of fuel gas emerges from the slot at sonic 
velocity, creating a low pressure region on either sideof the 
jet. The low pressure region between the gas jet and the 
venturi walls causes the gas to cling to the venturi and the 
low pressure region on the other side of the film causes en­
trainment of air, which is augmented by the change of d i rect­
ion of the gas as it follows the venturi form. In this way 
up to twenty volumes of air can be entrained per volume of 
fuel gas. This primary air entrainment forms a core of air 
which is accelerated through the centre of the venturi to the 
velocity of the gas at the burner exit. The near stoichio­
metric ratio achieved creates a compact, non-luminous flame 
2 5when ignited
The above success led to the development of a novel range 
of flares, with the aim of improving the flaring of waste 
gases from both environmental and operational points of view. 
Indair flares were produced to meet the requirements in the 
crude oil production oil fields, in which it is necessary to 
separate the gas from the crude oil by flaring before ship-
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ment or sent by pipes to refineries. The Indair flare has 
a tulip-shaped tip on the top of a concentric stack. The 
high pressure gas is fed into the outer annulus of the stack 
and emerges at sonic velocity from the annular slot. As it 
follows the surface of the tulip it entraines sufficient air 
to burn not only itself but also up to about one-third of its 
volume (perhaps two-thirds of its w e i g h t ) , of low pressure gas 
fed into the flame up the centre of the stack.
The completeness of combustion which this type of flare 
produces is advantageous not only in respect of reduced thermal 
radiation and smoke, but also in the not uncommon situation 
where the gases contain hydrogen sulphide, in that this is 
completely oxidised to the much less toxic sulphur dioxide. 
Moreover, a low thermal radiation level from these flares are 
formed, particularly when burning high pressure gas alone.
The use of these flares has been extended from land 
production centres to marine platforms where the water is 
shallow enough for an outrigger supported by a separate leg 
to be constructed. In some circumstances such flares are 
suitable for installation on deep water production platforms 
th e m s e l v e s .
Stedair steam flares were produced to meet the require­
ments of chemical plants and refineries where the gases to 
be flared are at low pressures. With Stedair flares, steam 
emerges around the Coanda surface and entrains large q uan­
tities of air, as in the Indair case, but here all the gas is 
ejected from the central pipe and burns in the air entrained 
by the steam.
4 3
In a steam flare, the steam itself has a secondary effect 
in chemically reducing the amount of smoke. BP has designed a 
small unit to burn one ton of gas per hour, operating on propane 
and producing a smokeless flame with low luminosity and another 
one with up to tens of tonnes per hour of gas. To design this, 
a joint programme of research into the flow characteristics of 
various combustion devices and their relation to design and 
performance was carried out by the Fuels and Energy Research 
Group at the University of Surrey (FERGUS) and the BP Research 
Centre, Sunbury. Most of the devices to be studied were to 
achieve air entrainment by means of the Coanda effect.
The work to be done by FERGUS was, primarily, flow modelling 
and theoretical studies to validate model predictions and to 
recognise the operational requirements. The initial investiga­
tions were carried out on the external Coanda form of the 
Stedair steam flare. A scaled slice water model of the BP 
flare tip had been used in the modelling studies; therefore 
it was necessary to look for mixing and entrainment c h a r a c t e r ­
istics of various surface geometries and slot widths under 
differing flow conditions.
The studies made have shown the method to be correlative 
to operational performance. The first aim of the studies was 
to try to develop a design with improved overall steam economy, 
and to estimate the extent of mixing achieved at the flame 
front region"".
The small-scale Stedair unit had been designed and 
successfully demonstrated at Sunbury, burning propane up to
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one ton per hour. This was due to the results obtained from 
the slice water model of the BP. flare. The aim of improvement 
in steam economy and noise levels had been achieved over the 
existing commercially available steam flares^^.
Some other developments were done on the Stedair flare 
to increase the capacity of the pilot plant up to 9.8 tonnes 
per hour gas flow, and yet smokeless combustion was achieved 
using 2.4 tonnes per hour of steam. The gas to steam ratio 
was 4 : 1 approximately for smokeless operation, which was 
maintained throughout the range of flows tested.
More developments were carried out by manufacturing 
similar sized flares with a variable steam exit slot based 
on existing Indair flow. The aim of the author's work was to 
carry on with the developments already made on Stedair flare 
using the same BP flare slice water model used before by 
FERGUS, but this time the work was to be done on three surface 
geometries of the BP flare tips. The surface geometry of 
Shape No. 1 is the one which the studies were carried on by 
FERGUS and commercially produced by BP as stated above.
Mardair flares were produced specifically to be used on 
deep water marine production platforms themselves, an area 
which is assumed to be of great importance now and for the 
future. The general approach has been to use the Coanda effect 
to entrain air to eliminate smoke and reduce luminosity.
Mardair flares have a large number of small Coanda units in-
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stead of one large one, so that the gas should, if possible, 
be burnt on the platform itself to produce short, stable 
flames of very low luminosity and low noise level. Each 
unit of Mardair flare could be regarded as an inverse of a 
small Indair flare. The Coanda slot and surface surrounded 
the base of each of the vertical tubes through which air is 
thereby induced. This kind of flare was designed initially 
to burn high pressure gas alone at between about one and 
three Bar g a u g e .
With Mardair, the flare is relatively short and is in ­
visible in daylight. There is so little radiation beneath 
the flare that it is possible to stand immediately below it 
without discomfort.
2 8Morrison reported the initial results of his invest­
igation of air flow around the external Coanda flare in which 
he found out that the values of discharge coefficient are 
predominantly equal to one. The presence of a low pressure 
region immediately downstream of the slot is confirmed both 
at the surface and in the inner regions of the jet.
The analysis of the initial velocity profiles show jet growth 
and velocity decay in fair agreement with published empiri­
cal laws for flow on the outside of a circular cylinder, 
while the separation has not yet been observed for the range 
of supply pressure from 1 to 3.5 Bars absolute, and slot width 
of 0.1 mm to 2.0 mm.
Morrison added that the results concerning the non- 
dimensional plots of velocity profiles will also be available 
with the separation results for the 1 to 3.5 Bar absolute
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pressure, when the computer programme used is working satis­
factorily and the peripheral unit used is reworking.
29FERGUS and BP Research Centre workers reported the 
results from the two-dimensional water model of a Coanda 
flare concerning entrainment and mixing efficiency for 
various geometries. A comparison is made between model 
predictions and final trial results. The results indicated 
that physical modelling using slice water models of flare 
tips can be used as a valuable supplement to field trials, 
and presents a cheap, quick method of investigating alter­
native designs.
The extreme flexibility of such a system is obvious 
when compared with the problems associated with full field 
trials. The results have shown that the modelling parameters, 
which have been applied by the authors to the problems of 
three-dimensional slice models, can be used to translate 
model flow data into equivalent gas, steam and air flow.
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CHAPTER THREE
THE SIGNIFICANCE OF MODELLING 
COMBUSTION SYSTEMS
3.1 Introduction
The use of models to study the movement of fluids is 
already extensive in the field of hydraulic and aeronautical 
engineering. This is not surprising considering the intimate 
relationship between the natural fluids, water and air, and 
the design of hydraulic machinery, ships and aeroplanes.
Along with semi-empirical data obtained from model testing, 
various means of observing flow patterns have also been d e v e ­
loped which have enabled research and development engineers to 
understand exactly what is happening to the fluid flow. It is 
generally accepted that "seeing is believing” , and to observe 
exactly what is happening to the flow in relation to its c on­
straining boundaries yields valuable information to confirm 
whether or not a design is satisfactory, or whether the design 
can be modified to improve performance. There is no doubt 
that many hours of development can be saved by applying the 
data obtained from a few minutes observation of a flow v i s u a l ­
isation model.
In many practical instances in which dynamic flow is c o n ­
cerned, the flow conditions are too complex for any precise 
mathematical treatment. An analysis of local flow conditions 
may contain so many assumptions and approximations that there 
would be no relationship at all between the theoretical p r e ­
diction and the actual flow regimes. In the absence of suffi-
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cient experimental data from which fluid dynamic equipment 
m ay be designed with confidence on the drawing board, p r a c t i ­
cal steps have to be taken; either first of all to ascertain 
the flow conditions using a geometrically sealed model, or 
to determine the actual flow conditions on the real equipment.
Generally, the latter meth o d  is the usual procedure in 
which flow determinations are carried out using point-by-point 
instrumentation, which can be both laborious and expensive. 
Since the positioning of instruments might entirely miss the 
effects of local flow deviations, breakaways, eddies, r e c i r c u ­
lations, etc., such experiments may even be misleading.
One of the earliest examples of the use of transparent 
models to investigate gas flows in a combustion system was 
that used by the Russian scientist Gro'ume-Gr j i m a i l o , who in­
vestigated the flow of gases in furnaces. His methods have 
been extended during the past sixty years to cover most areas 
of combustion.
Since it is generally less of a problem to observe fluid 
flow, as distinct from predicting or measuring it accurately, 
the use of transparent models for the observation of flow 
patterns is now recognised as being virtually an essential 
service to combustion research and development engineers.
Information obtained from such models proves or disproves 
etical hypotheses and contril 
data available for subsequent use
theor tributes to the stock of design
21
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3.2 Background to the Principles of Similarity
Similarity principles are concerned with the relationship 
between physical systems of different sizes, and it is funda­
mental to the scaling of physical and chemical processes. The
56principle was first enunciated by Newton for systems composed 
of solid particles in motion, and thus the earliest practical 
applications were to fluid systems. By the 1 8 7 0 ’s, Froude^^ 
was applying similarity criteria to the prediction of wave drag 
on ship hulls from experiments on models, a method that is 
still in use. Soon afterwards, Osborne R e y n o l d ^ e m p l o y e d  models 
to investigate the erosion of estuaries and river beds.
During 1914 and 1915 there was a series of papers and 
letters by Tolmarf,^ Buckingham^^Rayleigh and Riabouchinsky^ 
in which the wider applications and fundamental significance 
of the principle of similarity were described and debated.
Since that time, an important development has been the p r e ­
diction of aircraft performance from experiments with models.
The theory of models as applied to mechanical and civil engi­
neering problems is very thoroughly dealt with in a recent 
text by Langhaar.^^
In the province of chemical engineering, the chief p r a c t ­
ical use of similarity has been to correlate the performance 
of geometrically similar paddle, propeller and turbine mixers. 
Early systematic studies in this field were made by Hixson^^
and his co-workers, and the work has been continued by others, 
notably Rushton,^^ Applications of the principle of similarit 
to chemically reacting systems have also been dealt with by
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56(Damkohler, Edgeworth, Johnstone, Bosworth and Thring.).The 
last author used the principle to solve various practical 
problems in furnace design. The principle of similarity 
is usually coupled, and not infrequently confused, with the 
method of dimensional analysis. Although historically the 
two have been linked together, yet logically they are quite 
distinct. The principle of similarity is a fundamental p r i n ­
ciple of nature; dimensional analysis is only one of the 
techniques by which the principle may be applied to specific 
cases, the other technique being to start from the general­
ised equations of motion of the system^^.
3i • 3 Modelling Criteria
The design and operation of furnaces and kilns present 
many complex problems that are incapable of even an approx­
imate mathematical solution. Consequently, models are widely 
used in this field. They are employed both as aids to the 
design of new furnaces and in the study of existing installa­
tions to improve their efficiency. The principal aspects of 
furnace performance in which model studies can be valued are:
1. Furnace aerodynamics;
2. Geometry of flames;
3. Heat transfer;
4. Physical and chemical changes in the charge;
5. Flow of cooling water;
6 . Behaviour of solid-fuel beds;
7. Behaviour of refractories;
8 . Flow of molten materials and slags.
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The last three points will not be considered in the field of 
flares performance^^.
Almost all flame and furnace systems involve turbulent 
flow of gases, and it has been shown that in such systems, the 
equality of Reynolds numbers is not essential to achieve model 
similarity. It is sufficient to ensure that all flows within 
the model are turbulent and that the ratio of flows in the 
prototype are m a i n tained in the model. A  principal advantage 
of this observation is that water models will allow a reaction 
of flow velocity, enabling the flow patterns to be observed 
wit h  the naked eye.
The most significant inconsistency of physical modelling 
of combustion systems is that these methods use an isothermal 
flow regime to simulate non-isothermal mixing. Thus, we must 
use various mixing criteria which involve a density correction 
to ensure modelling similarity. The simplest case that is 
n ormally encountered in any furnace or flame is that of a "free 
jet", which is a jet of fluid issuing from a nozzle into u n ­
limited stagnant surroundings. The rate of entrainment of 
stagnant surroundings into the fluid jet defines the aerodynamics 
More complex and common is the case of a jet confined by furnace 
geometry, which limits the entrained fluid.
3.3.1 Jet Entrainment
Several accounts are available of entrainment by free 
turbulent jets issuing into stagnant surroundings. It may 
be shown by dimensional analysis that the mass entrained, m^.
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at any point X, along the jet path is given by ; the r e l ation­
ship:
m ^ = K x M ^ p ^ ^  ............. (3.1)
where K is a constant, and M  is the excess jet momentum 
flux, which is given by:
M = = 0.2 5 ndgZ p^ U q ' (3.2)
The numerical value of K has been determined by a number of 
workers (Schlichting, Donald and Singer; and Paizis and 
Schwartz) to lie within the range 0.22 to 0.404. This range 
of values has arisen due to the method of determination of 
the value m^ where it is given by:
2IT Y d7 (3.3)
Since the determination of at large values of Y becomes 
difficult practically, or depends on the form of any ana­
lytical velocity profile that may be chosen.
Ricou and Spalding carried out practical measurements on
isothermal jet systems with varying densities of jet and en ­
trained fluids, and from this work they arrived at a value of 
K = 0.282. From this, a general relationship was developed 
of the form:
m.
m
= 0.32 x/d. (3.4)
In the presence of buoyancy and chemical reaction they have 
advanced a modified relationship of equation (3.4), including 
the Froude number:
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m. = 0.32 x/d.
m
where
Fr = G  G
- 1Fr ^
"o'
m £ H + c (T, -T„) g d,
(3.5)
(3.6)
These entrainment relationships have been found to hold true 
for values of X > 6 d^. The rate of entrainment within the 
vicinity of the nozzle is much lower, and this is attributable 
to the potential core of the jet and the region of jet stabi­
lisation.
3.3.2 Mixing and Recirculation
Recirculation is the reverse flow of fluid from a point 
in the down stream section of a jet which is entrained by the 
same jet nearer the injection source. This phenomenon occurs 
naturally in confined jets and may also be enhanced by the 
insertion of bluff bodies or swirlers in a jet stream. The 
advantage on recirculation in combustion systems is that the 
phenomenon provides a source of heat near to the burner from 
the returning gaseous products of combustion, and this stabi­
lises the flame on the burner at a higher turbulent intensity 
than is possible with a simple jet.
Thring and Newby developed a theoretical treatment of the 
problem, based on the entrainment laws for a free jet. They 
introduced a parameter, 6 ’, which may be used to determine the 
point in the downstream jet at which recirculation entrainment 
occurs, X^, and the core of the recirculation eddy, X^.
d Io %
p
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i + '"o
A q C3.7)2L
If a jet half angle, a of 9.7° is assumed, then:
= 6.25 e ’ L ................ (3.8)
= 3.12 (0 ' + 0.94) L ................ (3.9)
The theory is only valid where, 
dQ/2L < 0.05.
Experimental data of Barchilon and Curtet has shown 
that equations (3.8) and (3.9) give a reasonable fit. The 
point where the jet strikes the confining wall, X^, is given by:
X = L/tan a   (3.10)
For values of d^'/2L > 0.05, Craya and Curtet had developed 
a theory to predict entrainment and recirculation c h a r a c t e r ­
istics. They proposed a similarity parameter, m, of the form:
m = 1.5 R2 + R + ------—    C3.ll)Cdo'/2L)
where. .     (3..Z,0. (L • (U, -0,) P„s
They also found that a relationship
0' m: = f (0 , d^'/2L)   (3.13)
exists between the T h r i n g-Newby approach and their own. If 
the jet is considered as a point source, d ^ ’/2L = 0, then 
equation (3.13) b e c omes;
0 ’ = m"2   (3.14)
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The value of m ranges from zero to infinity, with recircula­
tion occurring at values greater than 1.5.
Becker et al. have developed a similar rigorous treat­
ment of enclosed jets considered at a point source, and have 
demonstrated that the aerodynamic flow pattern is signifi­
cantly different from that of a free jet. Using the concepts
of dynamic, U^, and kinematic, U^, velocities, they developed
*an expression to define a characteristic stream velocity, U q :
U
where
and
U
(3.15)
7T 0 L 2 (3.16)
m
7 TP " a
(3.17)
They have shown that this is related to the Craya-Curtet 
parameter, m:
m = a -  1 (3.18)
and they have presented a similarity parameter termed the 
Curtet number, Ct, where:
U
m
Ct = —  =
"o*
(3.19)
Experimental work has shown that recirculation is limited to 
Ct < 0.75. Since such Similarity Parameters define the en ­
trainment and mixing characteristics of the jet, they may be 
used as modelling criteria to ensure accurate representation
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The Craya-Curtet parameter, m, as shown, is more generally 
applicable to any jet system, and is thus the similarity p a r a ­
meter that has been used by the author’s colleagues in the
translation of the results from a previous work of a similar
2 9nature to the present work
However, the present work as well as the previous work 
were carried out using the same slice water model, but wit h  
different Coanda flare tip geometries.
(It must be p o inted out that sections 3.3.1 and 3.3.2 
were quoted from Ref, 29, w i t h  the authorization of Dr. B.C. 
Jenkins, author of Ref. 29;)
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CHAPTER FOUR
WATER MODEL
4.1 Introduction
The ideal approach to problems of applied science and 
technology is to formulate a theory that rigorously describes 
the physical-chemical process involved and to check the theory 
against experiments carried out in a well-determined system.
A conceivable approach to the study of technological 
problems is direct experimentation using a protoype system. 
Direct experiments on full scale industrial plants are usually 
expensive. The choice of variables and their ranges within 
which they can be varied are limited, and the results in them­
selves are valid strictly only for the experimental system in 
which they were obtained. Their generalization is not possible,
It is in this important range of practical investigations
between the extreme cases of rigorous fundamental theory and
prototype experiment that similarity considerations and model
studies can often offer the quickest and least expensive route
3 8to the information for development and design
The complex aerodynamics of the combustion system preclude 
the use of mathematical simulation, since comprehensive data 
is only available for simple geometric configurations.
Sim i l a r l y ,the nrohibitively high costs of fabrication, m a n ­
power and excessive lead time will preclude full scale plant 
trials as an exclusive design option, although data from plant 
operation must ultimately provide the water model test of the
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predictions of any of the other investigative methods.
Thus, there is a dependence on data from small scale pilot 
plant work, or from physical modelling, to provide the majority 
of information required to ensure good flare operation.
The validity of scale modelling has been proven by many 
workers studying combustion systems, but it is essential for 
effective results that the laws governing scale-up be u n d e r ­
stood and strictly observed when translating model data into 
full size industrial units.
The application of physical modelling to industrial c o m ­
bustion systems primarily involves the use of one of two fluids, 
either air or water, to simulate the aerodynamic flow patterns 
within the combustion device. Essentially, water models provide 
data on where, why and how things happen, while air models 
provide data on how much of the total flow is involved in any
particular aerodynamic abnormality within the flame or even in 
39a furnace
4.2 The Acid Alkali Mixing Technique
Between 1936 and 1941, H.C. Hottel directed a series of 
investigations at M.I.T. in which turbulent liquid jet behaviour 
was compared with that of turbulent gas jet and flames. One 
of the techniques employed for studying the entrainment rates 
of liquid jets was to make the jet fluid, alkaline and the 
entrained liquid or fluid, acidic^^.
The alkali is a solution of sodium hydroxide used to r e ­
present the fuel gases (jet fluid), and a solution of hydro-
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chloric acid is used to represent the air (entrained l i q u i d ) .
The neutralisation reaction between these two solutions simulate 
the combustion reaction between oxygen in the air and the fuel 
gases. The reaction is made visible by the addition of either 
■ohenolphtiialein or thymolphtlialein indicator, both of which change 
colour at the particular pH-value end point equivalent to a 
specific fuel/stoichiometric air requirement according to the 
relative concentration of the acid and alkali used^^.
By the correct choice of the relative strengths (normali­
ties) of alkali and acid solutions, it is possible to produce 
a visual effect simulating a turbulent diffusion flame.
The concept of turbulent mixing of an acid and an alkali 
has since been exploited by a number of workers using water 
models of furnaces; some to models of glass tanks and some 
carried out flame simulation in a model of a rotary cement kiln
More recently, observers have made use of acid/alkali 
mixing models in studies of the factors affecting turbulent 
diffusion flame length, and as a guide to the optimisation of 
burner design and positioning for furnaces^^.
A recent investigation was conducted at the University of 
Surrey with the help of the BP Research Centre to study the 
flaring combustion problems and mixing problems, using the 
"Coanda Effect", which is the tendency of a fluid jet to 
adhere to an adjacent surface, so causing the entrainment of 
up to 25 times the amount of fluid in the original jet^O.
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Fig. 4.2 The acid and alkali tanks with the piping to the 
flare water model.
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4.3 Description of the Rig
The water model of an External Coanda Steam Flare is based
on a half scale cross-sectional slice of the tip of a 508 mm
diameter BP steam flare. It was constructed in order to examine 
the effectiveness of the Coanda surface as an entrainment and 
mixing device and thus maximise steam utilisation.
The extent of constructional modifications to the slice 
model was minimised by adopting a geometric scaling factor of 
0.4 :1. The rig is shown in Figures 4.1 and 4.2.
In order to simulate the operation of the flare over the 
complete range of gas and steam flows, a slot diameter of 114 
microns is incorporated into the model design, giving a constant 
exit velocity. This ensures that the model slot Reynolds number
is equivalent to the maximum operating flow rate of the p r o t o ­
type Coanda slot.
Manual control of the flow of the acid and alkali solutions 
is achieved by orifice plates installed in each line, the 
differential pressure signals read by mercury manometers. In 
addition, two variable orifice meters (VOM) are used on the 
acid line to check that identical flow is achieved on each side 
of the slice model.
The water flow rate,which simulates the steam flowing 
through the Coanda slot, is monitored by a VOM: a pressure 
gauge provides a second flow i ndication^^.
Two polyethylene tanks were used for the acid and alkali 
solutions, one with a capacity of 143 litres (approximately)
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for the alkali solution and the other of 62.38 litres (approx­
imately) for the acid solution. Piping and fittings were of 
12 ..5mm inside diameter polyethylene.
4.4 Experimental Procedure
The two solutions of acid and alkali of predetermined n o r ­
malities were prepared in the tivo tanks mentioned in 4.3. The 
modelled fuel/air ratio is accurately determined by titrating 
the acid against the alkali solutions using the same indicator. 
In order to calculate the percentage of excess acid in the 
effluent solution to be drained, a sample from the effluent 
solution is titrated against the alkali solution, again using 
the same indicator‘s^.
The solutions which were prepared in the two tanks were 
left for about 20 minutes to mix thoroughly and ensure h o m o ­
genous solutions. They were then pumped to the model, the 
alkali solution passed through a nozzle and distributor in 
the middle of the model, while the acid solution entered from 
the two sides of the model. The water which represents the 
steam was entrained through the Coanda slots.
The water which has been entrained through the Coanda 
slots creates a low pressure region which drags the acid sol u ­
tion from the two sides towards the alkali solution in the 
middle of the rig. As a result of the reaction between the 
two, a flame shape is formed.
It was observed that with strong solutions (acid and alkali)
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the flame was short, but with weak solutions the flame was 
long and shallow. The amount of water entrained through the 
slots was of great effect on the shape of the flame, and thus 
of great effect on the degree of reaction between the two 
solutions. Sometimes dead zones appeared either at the ends 
of the flare tip or in the middle because of the failure of 
the entrained water to create enough vacuum to drag the acid 
solution towards the alkali solution.
The rates at which acid and alkali were pumped to the 
model were monitored with the VOM, an excess flow rate of acid 
being maintained, which was equivalent to the excess air level 
of the system to be modelled.
The simulated flame length was dependent upon the p e r c e n t ­
age excess of acid, just as the actual flame length varies with 
excess air level; so it was important to measure the flow rates 
accurately. In practice, it was found that the flow rates 
could not be set with sufficient accuracy to avoid errors in 
simulated flame length, particularly where near stoichiometric 
flames were being modelled, A procedure was therefore devised 
which made accurate setting of the excess acid level possible^^
4.4.1 Acids and Bases
Since the acid/alkali technique has been used in these 
water model studies, it is prudent to discuss the chemistry 
of acids and bases.
A. An acid is a substance that will increase the hydrogen 
ion, H*,concentration of water.
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B. A base is a substance that will increase the hydroxide 
ion, o h ", concentration of water.
Inasmuch as in water the ion product is always 1 xlO'i^ at 
25°C, regardless of the presence of solutes, it follows that an 
acid will decrease the hydroxide ion concentration and abase 
will decrease the hydrogen ion concentration of water.
Acids react with certain organic substances called indi­
cators, causing them to change colour; of catalyzing certain 
reactions such as the inversion of sucrose, and of reacting 
with many (but not all) metals, and with the liberation of ' 
hydrogen gas.
Bases in solution feel soapy, have a bitter taste and 
affect indicators in a manner opposite to that of acids. Most 
importantly, acids and bases are able to react with each other 
by a process called neutralization.
Some acids and some bases are strong electrolytes and are 
called strong acids or strong bases respectively. In water 
they exist almost exclusively as ions, other acids and bases 
are weak electrolytes that exist in solutions mostly as u n ­
dissociated molecules. For example:
Strong acids: Hydrochloric acid HCl, Nitric acid HNO^;
Strong bases: Sodium hydroxide NaOH, Potassium hydroxide KOH.
If the concentration of hydrogen ions is greater than 
that of hydroxide ions, the solution is said to be acidic.
If the concentration of the hydroxide ions is greater than 
that of hydrogen ions, the solution is said to be basic.
In pure water the concentration of hydrogen ions is equal to
64
the ions of hydroxide ions, namely 1 x 10 at 2 5°C; pure
water is therefore said to be neutral. Water provides the
5 7dividing line between acids and bases
4.4,2 Neutralization
Suppose that to dilute aqueous solutions of a strong 
acid, portions of a strong base are added progressively, then 
the base will neutralize the acid according to the general 
equation :
HX + MOH ^  H^O + MX
There are various reasons why any reversible reaction may or 
may nearly go to completion; one reason is that one or more 
of the products may be only slightly ionized. A typical 
example is the neutralization of HCl acid with NaOH base:
HCl + NaOH ^  HgO + NaCl
which,as far as any real change occurs, is simply the union 
of a hydrogen (or hydronium) ion with a hydroxide ion:
H’" + OH"#. H^O
When we have a base solution of certain normality, and we 
progressively add an acid solution, it will be seen that each 
time we add a certain amount of this acid , the hydroxyl ion 
concentration of the solution falls, such that OH" decreases 
by a factor of one trillion and that H increases by the 
same factor. These changes are more conveniently represented 
graphically. If the pH rather than OH" is plotted against 
the neutralization %, the result is as shown in Fig. 4.4.2.
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Fig. 4.4 . 2Titration curves for N / 10 solutions of strong 
acid, and base
At one point during addition of the acid, all the base will be 
neutralized but no excess acid will have been added. At this 
point, called the neutral point, the pH of the solution is 
that of pure water, namely 7 .
4.4.3 Indicators
The choice of pH indicator visualising the alkali jet is 
restricted by the requirement that the indicator must be c o lour­
less in acidic solution, or the simulated flame becomes masked 
by recirculated products of neutralization.
Thymolphthalein and plv^nolphthalein indicators are both 
colourless in acidic solutions, and are both commonly available 
In alkaline solution, thymolphthalein is a deep blue colour and 
phtâ^nolphthalein is pink. The darker colouration of phenolphtha- 
lein was found to be more suitable for photographic recording
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purposes, and therefore this indicator was used throughout 
the model work^^.
It was found that the indicator gave better flame length 
simulation in strong acid and alkaline solutions than with 
dilute solutions, since w ith dilute solution, the boundary of 
the coloured region does not coincide with the neutral contour 
of the jet^^. Moreover, the concentration of the indicator 
was one of the main uses on the flame length simulation.
One of the main uses of indicators is to determine the 
end-point of titration. When solutions of an acid and a base 
are gradually mixed, the pH  at any stage can either be c a l c u ­
lated or using graphs as shown in Fig. 4.4.2.This gives an 
indication that almost any indicator will serve for the t i t r a ­
tion of HCl-NaOH, since the pH changes vary sharply from 3.5 
to 10.5. The same will be true for any other titration of a 
strong acid w ith a strong base, since the acidic and basic 
species in their solutions are OH^^ and OH respectively, 
the other ions (such as Cl and Na*) playing no part in the 
t i t r a t i o n .
4.4.4 Calibration
Calibration of the mercury manometers used to measure 
flow of the acid and alkaline solutions line was carried out 
before starting the rig, (Fig.4.26).
m4mm 0 hole 
{ Fixture)in<Nro cs
Fig. 4 -3  Shape No. 1. Full Scale. (  Ref. B.P.
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1-1— lj
mCNCO 4 mm 0 hole (Fixture) ,CN
Fig. 4  4 Shape No. 2 (Full Scale)
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Fig. 4  5 Shape No. 3 (Full Scale)
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4.5 Results of Model Investigations
Three Coanda surface geometries have been investigated 
and they are as illustrated in Figs; 4.3, 4,4 and 4.5.
4.5.1 Shape No. 1 [Fig. 4.3)
Twenty-five experiments have been conducted using Shape 
No. 1, over a range of concentrations of acid and alkali 
solutions. The normality ratios of NNaOH : NHCl were in the 
range of 0.006 : 0.006 to 0.0085 : 0.018, respectively.
It was seen that for all flow rates and normality ratios, 
the flame envelope was long, % breaks down on the two
sides of the Coanda surfaces, and exhibits a dead zone in the 
middle. Flow of water was between 2 and 6 litres per minute.
6 8
4.5.2 Shape No. 2 (Pig. 4.4)
Twenty-two experiments have been conducted on this shape 
over a range of normality ratios of NNaOH : NHGl between 0.008 :
0.01 and 0.015 :0.04. The flame envelope was shaped like an 
inverted cone, was short and exhibited no breakdown at almost 
all concentrations and flowrates of acid and alkali solutions.
No dead zones were identified with this Coanda profile.
Plow rate of water was between 2 and 6 litres/minute.
4.5.3 Shape No. 3 (Pig. 4.5)
Twenty-two experiments have been conducted on this shape 
between the normality ratios of NNaOH : NHCl between 0.006 : 0.006 
and 0.02 :0.03. Results for the flame envelope with this shape 
are comparable with those of Shape No. 2, but at certain c o n ­
centrations and flows for the acid and alkali solutions there 
was breakdown on one side of the Coanda surface. It was also 
noticeable that a dead zone existed in the middle of the flame 
envelope; this was especially evident with low flows of acid 
and alkali.
Flow rate of water was between 2 and 6 litres/minute.
4.5.4 Comparative Results
In order to obtain a comparison of the shapes studied, 
fourteen experimental conditions were considered. These c o n ­
ditions were determined from the acid and alkali concentrations, 
which gave the best results for the flame envelope for Shape N o . 3
The range of concentrations of the acid and alkali sol u ­
tions used were NNaOH : NHCl 0.006 : 0.009 to 0.02 : 0.003.
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The flow rate for the water through the Coanda slot was found 
to give the best operation between 3,4 litres/minute.
The results are shown in Tables A1.1 to A1.9 (see A p p e n ­
dix 1).
The results obtained for the flame envelope with Shape N o . 2 
were reasonable, and a comparison between Shapes Nos. 2 and 3 
for the normality ratio of NNaOH : NHC1=0.015 : 0,023. The flames 
for Shape No. 2 were an inverted cone with no breakdown and no 
dead zones for all the comparative conditions (different flows). 
(Figs. 4.6 and 4.7 for Shape N o . .2; Figs. 4.8 and 4.9 for Shape 
No. 3). The results of comparative studies on Shape No. 1 are 
typified by Figs. 4.10 and 4.11. These were not satisfactory, 
as they gave long, flame profiles w ith breakdown and
a dead zone under all flow and concentration conditions.
Figs (4, 12-»25) show the comparison between the three shapes for 
mixing flame length versus percent excess acid for NNaoH/NHCl =
0.015 : 0.023.
4.6 Discussion
In order to achieve the best results from the acid/alkali 
modelling technique, the following points should be observed:
1. The strength of the acid and alkali solutions used in 
the model must be sufficient to give predictable pH indicator 
behaviour. The best n o r m ality ratio of NHCl/T-JNaOH range was found 
to lie between 0.006 : 0.009 to 0.02 : 0.03.
2. Accurate prep a r a t i o n  and titration of the solutions 
must be carried out before starting each run.
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3. The acid and alkali flow rates to the model must be 
accurately controlled to ensure that there will be no excess 
acid, but with the work above there was between 5-40% and up 
to 60% excess acid, and this was found out by an effluent 
analysis procedure.
4. It was noticed that the acid/alkali modelling technique
can be relied upon to yield quantitative predictions of the
2 4length of flames in large industrial processes
5. Results are shown in Figures 4.12 to 4.25 for mixing 
flame length versus percent excess acid.
6. From the results above, it was seen that the best 
alkali/acid normality was 0.015 : 0.023.
7a. Table 4.1 shows the pH values versus the originally 
prepared normality ratios and the neutralization ratios (ti­
tration) for the three shapes. It is seen that the best pH 
values were in the range of 5.4-5.8, with an error of 17-20% 
from the neutral pH = 7. This was for a normality ratio of 
1.143 and a neutralization ratio of 0.644, 0.704 and 0.788 
for the three shapes respectively.
7 b -, The pH values for the three shapes were quite near 
to each other, while the best were for Shape No. 3; this 
could be due to the efficiency of mixing during the operation
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Table 4.1 T i t r a t i o n  for NaOH + HCl
Run 
N o ..
Normality ratio - 
NHCl/NNaOH
N e u t r a l i zation N N C l / N N a O H ratio PH Valuei^'^^Shape 
N o . 1
Shape 
No. 2
Shape 
No. 3
Shape 
No. 1
Shape 
No. 2
Shape 
N o . 3
1 1.5 0.332 0.476 0.632 4.4 4.95 5.4
2 1.67 0.448 0.456 0.455 4.8 4. 85 4.85
3 1.43 0.572 0.564 0. 596 5.2 5.15 5.37
4 1.143 0.644 0.704 0.788 5.4 5.59 5.8
5 1. 33 0.704 0.704 0.716 5.59 5.59 5.6
6 2.0 0. 388 0.416 0.452 4.75 4.6 4.83
7 1 . 875 0.464 0.402 0.484 4.9 4.53 5.05
8 2.5 0.320 0.304 0. 360 4.25 4.2 4.45
9 2.7 0.312 0.320 0.340 4.18 4.24 4.43
10 3.0 0.288 0. 256 0.284 4.17 4.12 4.2
11 1.53 0.572 0.524 0.560 5.2 5.0 5.15
12 1.8 0.456 0.440 0.436 4.85 4.75 4.7
13 1 . 5 0.604 0.626 0.576 5.35 5.38 5.23
14 1.25 0.720 0.698 0.732 5.62 5.58 5.65
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4.7 Conclusions
1. Investigation of the three shapes for the Slice Water 
model. The performance of the three shapes, as was observed
in the Water Model System, showed that the performance of Shape 
No. 2 was the most efficient. The efficiency of the shape was 
based on its capability to show that the shape offered the 
longest path travelled along the Coanda surface, i.e. the b r e a k ­
away, if any, occurs at a region nearest to the end of the
Coanda surface (see Figs, 4.6 and 4.7). Furthermore, the e l i ­
mination of the dead zones which were observed to be formed 
along the path of the acid/alkaline reaction ( f l ame), at random 
positions, was another point of judging the efficiency of any 
of the three shapes. However, dead zones in the system were 
the indicators of the inefficient degree of mixing. A high degree 
of mixing of reactants forms the fundamental of efficient combustion
2. The performance of Shape N o . 3 was the second best; in 
fact, this s h a p e ’s length was shorter in its Coanda surface
than that of Shape No. 2, while Shape No. 1 was the shortest in
its Coanda surface length, and was the least efficient. This 
implies that longer Coanda surfaces give better mixing and s t a b i ­
lity characteristics (see Figs. 4.6 to 4.11).
3. In an attempt to formulate an approximate and simple 
relationship between the mixing flame length and the excess acid, 
for each shape under various operating conditions, it was found 
that
y = k ( X ) 2 
where y = mixing flame length 
X = excess acid per unit 
k = propor t i o n a l i t y  constant 
However, the decrease in the flame length (y ) , w h ich corres-
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ponded to an increase in the excess acid, in addition to the 
shape design and operating conditions, were the parameters which 
were the key to define the magnitude of (|<) .
4, The present investigations fell short of studying the 
effects of varying the slot width. This investigation was borne 
in mind, but the capability of the water model rig was based on 
a fixed slot design. However, this area is open wide for future 
investigation; but the variation of the slot w i d t h  was expected 
to offer small variation of the results, if any. This guess 
was confirmed by the results which were obtained from tests 
carried out on the FERGUS experimental flare (see Chapter 5).'
5.- It was the object of this research to study and improve 
the performance of one design of Coanda flare tip based on the 
external Stedair Steam flare which has been already marketed by 
B.P. and that was shape No. 1. The results obtained from studies 
on shape No. 1 (Fig. 4.10 and 4.11), were not satisfactory as 
mentioned before, so another two designs were constructed to 
improve the performance of the above shape.
In shape No. 1, the ratio of the Coanda curveture circle 
radius (R^) to the inner circle radius (R2) was 2.154
. . [Br/^z^shape (1) " 2.154
w it h  shape No. 2
[Rl/R23shape (2) = 3.43
The performance of shape No. 2 was improved in such a 
way that the flame performance was short, no breakaway, and 
no dead zones (Fig. 4.6 and 4.7). It was concluded that, the 
longer the Coanda curveture surface is, the better the flame 
performance is. That was proved by designing another shape 
w h ich was shape No. 3 in which
[%l/%2]shape (3) = ^.94
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With this radius* ratio, it was found that the flame 
performance was quite nea r  to the shape No. 2 performance < 
as it is shown on Fig. (Fig. 4.8 and 4.9).
6. The normality ratio chosen were equal to the 
stiochiometric gas/air ratio according to the following 
equation
"NaOH = (a)
In which
= mass of p r i mary air weight/unit time
= 0 in the flare system
= stoichiometric air requirement (mass/unit time)
= mass of fuel weight/unit time i
S* i
• • ’^ N a O H  _  ^ H C lMf
CM /V _ A _ air (stoichiometric)• • ^NaOH'^HCl - ^
With constant North Sea gas flow throughout the operation 
of 19.5 m V h r .
Pn .g . 0. 723 kg/mS
.'. Gas flow rate = 14.09 kg/hr 
^NaOH _. . ----  - ----  (d)
% C 1  14.09
. • . ^ 14.09 (e)
^HCl
72/4
7. It was found that the flow was turbulent in the water 
model through the slot according to the following equation
DV p
Re slot
D = slot diameter = 0.114 mm
p = Density of water = 1 kg/m^
y = Viscosity of water = 1.16 x 10"^ kg/mm sec
V = Velocity of water through the slot = m/sec
It was assumed that the best water flow waS 3 litre/min.
Re slot .3200
8. The water model slot width was kept constant at 0.114 mm.
Table No. (4.7.1) shows a sample of the acid/alkali flows 
with water for the three shape s . R w N M p  n
Shape No. 1 Shape No. 2 Shape No. 3
water
1/min
NaOH
1/min
HCl
1/min
water
1/min NaOh1/min
HCl
1/min
water
1/min
NaOH
1/min
HCl
1/min
3 8.475 6.425 3 8.475 6.425 5 8.475 6.425
4 8.475 6.425 3 8.475 5.4 4 8.475 6.425
4 8.475 7.15 3 7.955 5.4 3 8.475 6.425
4 7.955 7.15 3 7.955 4.1 3 7.955 6.425
4 7.35 7.15 3 7.35 4.1 4 7.955 6.425
3 7.35 7.15 3 6.65 4.1 4 7.955 5.4
3 7.35 6.425 3 5.85 4.1 4 7.35 5.4
3 6.65 6.425 3 5.85 2.45 3 7.35 5.4
3 5.85 6.425 3 5.05 2.45 3 6.65 5.4
3 S.05 6.425 3 4.125 • 2.45 4 5.85 4.1
3 4.125 6.425 3 4.125 2.45 3 5.85 4.1
3 2.95 6.425 3 2.95 2.45 4 5.05 4.1
4 2.95 6.425 3 2.05 2.45 3 2.95 4.1
4 2.95 5.4 3 2.05 2.45 2 2.95 4.1
4 2.95 4.1 3 2.05 2.45 2 2.95 4.1
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CHAPTER FIVE 
THE EX PERIMENTAL FLARE
5.1 Flaring
5.1.1 Introduction
Flaring is a means for safe disposal of waste gases by 
combustion. With an elevated flare, the combustion is carried 
out at the top of a pipe or stack where the burner and igniter 
are located. A ground flare is similarly equipped except that 
combustion is carried out at or near ground level. A burn pit 
differs from a flare in that it is normally designed to handle 
both liquids and vapours.
Flaring offers significant advantages over alternative 
methods of disposal because of its inherent simplicity, depen­
dability and economy. The decision to discharge hydrocarbons 
or other flammable or hazardous vapours to the atmosphere r e ­
quires careful attention to ensure that disposal can be accom­
plished without creating a potential hazard or causing other 
problems, such as:
1 . formation of flammable mixtures at ground level or on 
elevated structures;
2 . exposure of personnel to toxic vapoursor corrosive 
chemicals ;
3. ignition of relief streams at point of emission;
4. excessive noise levels;
5. air pollution.
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5.1.1.1 Eormation of Flammable Mixtures
To evaluate the potential hazards of flammable mixtures 
that result from atmospheric discharge of hydrocarbons, the 
physical state of the released material is of primary import­
ance, vapour and liquid emissions. Between these two extremes 
are those situations involving liquid-vapour mixtures where 
mists or sprays are formed.
a. vapour emission
When hydrocarbon relief streams comprised entirely of 
vapours are discharged into the atmosphere, mixtures within, 
the flammable range will unavoidably occur downstream of the 
outlet as vapour mixes with air, the following are required 
to be. considered:
1 . velocity and temperature of the exit gas;
2 . molecular weight and quantity of the exit gas;
3. prevailing meteorological conditions, especially any 
adverse condition peculiar to the site;
4. Topography and pressure of nearby structures;
5. elevation at which the emission enters the atmosphere.
A high exit velocity is beneficial in achieving rapid 
dispersion caused by turbulent mixing that results from d i ssi­
pation of energy in the jet. Technical investigations on the 
discharge of jets into still air indicates that gases with 
velocities of 500 fps or more have sufficient energy in the 
jet to cause turbulent mixing with air and effect dilution in 
accordance with equation (5.1).
w/w^ = 0.264 x/D   (5.1)
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where: w = vapour air mixture in pounds/hour at distance x
from the end of the tail pipe;
w^ = relief device discharge, in pounds/hour;
X = distance along tail pipe axis, at which w is to
be calculated;
D = tail pipe diameter, in the same units as X.
A n y  system designed for 500 fps discharge velocity at 
maximum conditions may have some lesser rate of discharge 
velocity, w h ich can result in higher concentrations in the 
plume at points of interest at elevated or grade level.
b. Mist emission
Mists result from condensation following emissions. C o n ­
densed mists are finely divided; the diameter of most drops 
is less than 0.01 mm (10 y) with only few larger than 0.02 mm
(20 y ) . It is assumed that if the lowest anticipated a t mos­
pheric temperature is below the dew point of the released 
hydrocarbon, significant condensation will occur.
Loudon^^ gives a method for calculating if condensation 
of a discharge from a relief valve occurred. These c a l cula­
tions indicate that the majority of emissions do not condense, 
regardless of molecular weight, although h e avy molecular weight 
hydrocarbons m a y  condense in the micron range previously used 
(lOy to 2 0 y ) . This was supported by experience with refinery 
relief installations involving discharge to atmosphere of 
vapour streams covering a wide range of conditions. In those 
cases where vapour discharges from relief valves condense, 
this must be considered because it will influence the forma-
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tion of a flammable atmosphere.
Combustible liquid mists in air are capable of p r o paga­
ting flame when ignited, even though the liquid is so volatile 
that no appreciable amount of vapour is formed at the ambient 
temperature. Thus, mists of flammable liquids can present a 
hazard even at temperatures well below the flash point.
Burgoyne^^ has shown that for flammable condensed mists, 
the lower limit of flammability and the burning velocity are 
those of the corresponding vapour. According to Saletan^^ the 
ignition energy required to ignite a mist in air at ambient 
temperatures and pressures is approximately ten times higher 
that of a vapour. In cases where calculations indicate that 
vapour discharges from relief valves may condense, it is p o s s i ­
ble for coalescence to produce droplets that rapidly settle 
to grade rather than disperse as a mist similar to vapours.
The hydrocarbon partial pressure at which the calculated coo l ­
ing curve intersects the dewpoint curve should be considered 
indicative of bounding the region in which coalescence seems 
unlikely. Although no conclusive data are now available, it 
is suggested that condensation at hydrocarbon partial pressure 
of 5 psia or less should be treated as finely divided mists 
without coalescence. In the absence of coalescence, the effect 
of gravity should be negligible since the free fall velocity 
of 10 hydrocarbon particles in air is approximately 0.01 fps. 
Therefore, even with very light wind, the discharge from an 
elevated location will travel a considerable distance before 
reaching grade.
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Based on the foregoing factors pertaining to dispersion 
and combustion characteristics of a mist, it can be concluded 
that as long as the condensate remains in finely divided form 
and is airborne, the mixture can be treated for flammability 
and dispersion characteristics as though it were completely
j66vaporised
c. Liquid emission
Unlike discharges comprised of vapour or mist which r a pid­
ly disperse when vented to the atmosphere at a high velocity, 
liquid settles to grade. If volatile components are present, 
a flammable atmosphere may result and to minimise the possibili 
ty of a flammable liquid release, all relief valves venting 
vapour to the atmosphere must be located so that the valve in­
let connects to the vapour space of vessels or lines.
5.1.1.2 Exposure to Toxic Vapours or Corrosive Chemicals
a. Toxic vapours
Although most vapour streams would be harmful to breathe 
at high concentrations, the majority present little or no 
risk to personnel when discharged from relief valves at a r e ­
mote location. The average person can tolerate short-term 
exposure to most hydrocarbon vapours at concentration levels 
to or above the lower flammable limit. Thus, if facilities 
are designed to avoid flammable atmosphere, the results of 
inhalation at the same locations would not be injurious. 
However, certain refinery streams may contain vapours dangerous 
at extremely low concentrations. For example, H 2S vapour can 
cause unconsciousness within seconds following exposure to a 
concentration above 1000 ppm. This is approximately one-tenth
the concentration representing the lowest flammable limits 
of any hydrocarbon.
b. Corrosive chemicals
Certain chemicals, such as phenols, which are liquid at 
ambient conditions may create a serious hazard to personnel if 
discharged from relief valves to the atmosphere.
5.1.1.3 Ignition of Relief Streams at Point of Emission
a. Sources of ignition
The possibility of accidental ignition of the outflow of 
hydrocarbon vapours from a relief valve can best be analysed 
in terms of four possible causes of ignition open flames or 
hot surfaces, lightning, static electricity and auto-ignition.
b. Explosive release of energy
The possible explosive release of energy in the a t mos­
phere can cause concern in connection with use of atmospheric 
relief. Care should be taken to avoid any confinement of the 
released gases since the degree of confinement determines the 
pressure rise and accidental ignition may occur.
c. Radiation effect
Whenever large quantities of flammability are vented, 
the potential heat release is sufficient to warrant conside­
ration of its effects on personnel and equipment, even though 
ignition of the discharge from relief valves is highly im­
probable. Once allowable thermal radiation levels have been 
established, the required distance from various exposure loca­
tions to the point of emission may be calculated.
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5.1.1.4 Excessive Noise Levels
The noise generated by a relief valve discharging to the 
atmosphere can be sufficiently high to cause permanent hearing 
damage from a single exposure. A check should be made for 
noise level at battery limits to ensure that the damage risk 
criterion is not exceeded.
5.1.1.5 Air Pollution
The continuing problem of air pollution has become a 
factor that warrants serious consideration. Regulations p e r ­
taining to air p o l lution usually provide exemption for d i s ­
charges that occur only under emergency conditions. It is 
obvious that effluent concentrations at grade level or other 
locations must be controlled even though the acceptance level 
for limited and occasional emergency discharge can be much 
higher than that for prolonged or continuous emissions.
5.1.2 Disposal by Flaring
The p r i mary function of a flare is to convert flammable, 
toxic or corrosive vapours to less objectionable compounds 
by combustion. This can be successfully accomplished with 
either a ground or elevated flare. Combustion has got some 
properties, one of w h ich is the flame, and the flame has some 
properties w h i c h  the burning velocity described; Below is 
one of those properties.
1. Burning velocity: a flame is a rapid, self-sustaining 
chemical reaction occurring in a distinct reaction zone. Two 
basic types of flames are found: one is the p r e mixed flame, 
and the other one is the diffusion flame, in w h i c h  it was found
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in conventional flares; it occurs on ignition of a fuel jet 
issuing into the air. The other type of flame is the aerated 
flame, which occurs when fuel and air are premixed before 
ignition. The burning velocity, or flame velocity, is the 
speed at which a flame front travels to its surface and into 
the unburned combustible mixture.
2. Flame stability: in the case of a flare, the flame front 
is normally at the top of the stack. However, at low gas 
velocities, back-mixing of air occurs in the top of the stack. 
Experiments show that if a sufficient flow of combustible gas 
is maintained to produce a flame visible from ground level, 
there usually will not be significant back-mixing of air into 
the stack^^. At lower gas flows, there is the possibility of 
combustion at a flame front partway down the stack with a 
resultant high stack temperature, or of flame extinguishment 
with subsequent formation of an explosive mixture in the stack 
and ignition from the pilot light.
In an aerated flame from a premixing device a phenomenon 
known as "flashback” may occur. This results from the linear 
velocity of the combustible mixture becoming less than the 
flame velocity, causing the flame to travel back to the point 
of mixture.
In the case of either aerated or diffusion flames, if the 
fuel flow rate is increased until it exceeds the flame velocity 
at every point, the flame will be lifted above the burner u n ­
til a new stable position in the gas shown above the port is 
reached as a result of turbulent mixing and dilution with air. 
This phenomenon is called "blowoff". It has been suggested
that the Mach number must not exceed 0.2 to prevent blowoff. 
However, there is evidence that flame stability can be m a i n ­
tained at Mach numbers of about 0.4, depending on discharge 
properties and type of tip used. Both blowoff and flashback 
velocities are greater for fuels with high burning velocities. 
Small amounts of hydrogen in a hydrocarbon fuel widen the 
stability range, because blowoff velocity increases much faster 
than flashback velocity.
5.1.3 Smoke Point
5.1.3.1 Smoke
Many hydrocarbon flames are luminous due to incandescent 
carbon particles formed in the flame. Under certain conditions, 
these particles are released from luminous flames as smoke. The 
exact reasons and mechanisms by which smoke is formed is still 
not fully understood. Many different processes have been sug­
gested^^. However, it is safe to say that smoke is the visible 
result of the incomplete combustion of hydrocarbon fuels; the 
particles range in size from 0 .1-ly, and the very fine particles 
tend to stick together to form large agglomerates which are then 
called soot. The formation of soot is governed by the physical 
factors of fuel/air mixing rather than the chemical process 
k i n e t i c .
Smoke abatement is therefore-a matter of preventing the 
occurrence of fuel-rich pockets in the flame, usually by extra 
air injection near the burner jets.
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5 .1. 3.2 Smokeless Flare Operation
Because of the increasingly stringent air pollution laws, 
smokeless flare operation in process plant has been made a "must" 
rather than a point of performance in the interest of good 
public relations. In the flaring of gases such as hydrocarbons 
the tendency for smoke production as the gases burn, is govern­
ed by the weight ratio of hydrogen to carbon in the gases, but 
is not directly proportional to the H/C ratio by weight.
The burning of methan ((H/f)= 0.33) produces no smoke 
at the flare, while the burning of ethan ([H/C) = 0.25) p r o ­
duces comparatively faint smoke. However, the burning of 
propane ((H/C) = 0.222) makes comparatively heavy smoke. As 
the H/C ratio by wieght moves further in the downwards direction 
intensity of smoking increases.
In the burning of a complex mixture of gases where c a lcu­
lated H/C ratio by weight is greater than 0.25, there may be 
considerable smoke production at the flare because the flared 
gases are not homogeneously mixed as they burn and the separate 
burning of the lower H/C gases is producing the smoke. This 
factor can become extremely critical in successful suppression 
of smoke at the flare; thus, it is required that flared gases 
be in a state of reasonably homogeneous mixture, but each flare 
system requires separate studies in order to assure reasonable 
homogeneity of mixture of flared gases.
It is to be noted that despite the widely held opinion 
that there is good mixture of gases in turbulent flow within 
a pipeline in short distance travel, experience shows clearly
that there is no or very little mixture as the gases flow
, . 58in the time
5 .1.3 .3 Solving Smoke Problems
There have been numerous approaches to the problem of 
smokeless burning of waste process gases. Since the principal 
means for suppression of smoke involves the various chemistries 
associated with reaction of water vapour with the components 
of the flared gas stream, there have been various schemes for 
delivery of the water to the burning zone as either steam or 
as water (spray in one form or an o t h e r ) .
There has been a certain, limited success with water in ­
jection for smoke suppression, but the hazard of freezing 
makes use of this system in any area other than a sub-tropical 
zone questionable, in addition to the great nuisance of a 
spray of unvaporised water to grade in normal operation of the 
f l a r e .
It is for the above reasons that steam is almost univer-
5 8sally used for suppression of smoke in flare operation
5.1.4 Flashback Protection
Flame arresters are occasionally used for flashback 
protection; however, they are subject to pl&gging and applica­
tion is limited. The hazards associated with an obstruction 
in a flare system is of such a serious nature that flame arrest­
ers could only be recommended when vapours are non-corrosives 
and dry and free of any liquid which might congeal. There is 
an additional disadvantage to a flame arrester pertinent to
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flare systems, which is that during the cooling that follows 
a warm discharge, air may be drawn back through the flame 
arrester into the system.
Proprietary systems utilising vapour density differences 
have been successfully installed and should provide a more 
reliable device than a flame arrester. Such systems, however, 
may require continuous purging and may be subject to other 
limitations which should be established with the supplier.
Alternatively, continuous introduction of purge gas can 
be used to prevent flashback. Studies^^ show that a safe 
conditions exists in situations involving hydrocarbon-air 
mixtures if a positive flow of oxygen-free gas is maintained, 
allowing the oxygen concentration to be no greater than 6 % at 
a point 25 ft from the flare tip. Once the required quantity 
of purged- gas has been established, it is recommended that the 
injection rate be controlled by a fixed orifice to ensure that 
the supply remains constant and is not subject to instrument 
malfunction or maladjustment.
It should be noted that if the gas in the stack is lighter 
than air, for example H 2 , the pressure in the bottom of the 
stack can be substantially lower than atmospheric, even with 
some outflow from the top of the stack. The purge gas flow 
must be high enough to counteract this situation. Gases or 
vapours with usually high burning velocities, such as hydrogen 
and acetylene, should be considered for flashback possibility.
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5.1.5 Ignition
To ensure ignition of flare gases, continuous pilots with 
a means of remote ignition are recommended for all flares. The 
most commonly used type of ignitor is the flame front p r o p a ­
gation-type which utilises a spark from a remote location to 
ignite a flammable mixture. The on-off pilot is used only to 
ensure ignition of the continuous pilot. Pilot igniter c o n ­
trols are located near the base of the elevated stack and at 
least 100 ft from ground flares.
5.1.6 Fuel System
Fuel gas supply to the pilots and igniter must have a 
high reliability. Since normal fuel sources may be upset or 
lost, it is desirable to provide a backup system connected to 
the most reliable alternative fuel source with provision for 
automatic cut-in on low pressure. Utilisation of a low Btu 
waste gas or one with unusual burning characteristics should 
be avoided. Frequently, parallel instrumentation for pressure 
reduction is justifiable. The flare fuel system should be 
carefully checked to ensure that hydrates cannot present a 
problem. Because of small lines, long exposed runs, large 
vertical rises up the stack, and pressure reductions, use of 
a liquid knockout pot or scrubber after the last pressure r e ­
duction is frequently warranted. If at all feasible in terms 
of distance, relative location and cost, it is considered good 
practice to install a low pressure alarm on the fuel supply 
after the last regulator or control valve that will warn 
operators of any loss of fuel to the pilots^^.
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5.1.7 Flare Design
5.1.7.1 Si zing
The sizing of flares requires determination of the required 
stack diameter and the required stack height. Factors also 
governing sizing are wind effect, dispersion and ground flares.
a. Diameter
Flare stack diameter is generally sized on a velocity 
basis, although pressure drop should be checked. Depending 
on the volume ratio of maximum conceivable flare flow to 
anticipated average flow, the probable timing, frequency and 
duration of those flows, and the design criteria established 
for the project to stabilise flare burning, it may be d e s i ­
rable to permit a velocity up to 0.5 Mach for a peak, short 
time, infrequent flow, with 0.2 Mach maintained for the more 
normal and possibly more frequent conditions. Generally 
smokeless flares should be sized for a tip velocity less than
0.2 Mach for the conditions under which they are to operate 
s m o k e lessly.
The formula relating velocity (as Mach number} to flare 
tip diameter can be expressed as follows;
Mach = (1.702) (10-5) __bL_ / %
P d2 k m    (5.2)
where
Mach = ratio of vapour velocity to sonic velocity 
in that vapour;
w = vapour relief rate (lbs/hr)
P = pressure of vapour just inside flare tip ( l b s / i n . U
d = flare stack tip diameter (ft)
T = temperature of vapour just inside flare tip
(degrees Rankin)
K = ratio of specific heats for vapour being
relieved 
M = molecular weight of vapour.
Pressure drops as high as 2 psi have been satisfactorily 
used at the flare tip. Too low a tip velocity can cause heat 
and corrosion damage. The burning of the gases becomes quite 
slow, and the flame is greatly influenced by the wind. The 
low-pressure area on the down wind side of the stack may cause
the burning gases to be drawn down along the stack for 10 ft
or more. Under these conditions corrosive materials in the 
stack gases may attack the stack metal at an accelerated rate, 
even though the top 8 to 10 ft of the flare is usually made 
of corrosion-resistant material.
b . Height
The flare stack height is generally based on the radiant 
heat intensity generated by the flame. A check should be made 
on the maximum concentration level and its location of toxic 
or corrosive pollutants are present in the stream to determine 
what might occur if the flare pilot flame should be lost^^.
Since the flame cannot be shielded, the stack height is 
that required to obtain the desired radiant heat intensity at 
a selected point at grade for the maximum flaring rate.
Hajek and Ludwig^^ proposed the following equation for
determining the distance between the centre of radiance and 
P, the point under consideration.
eQ
R =     ( 5 . 3 }4Trq
where
R = distance to centre of the flame from P
Q = heat release (in British thermal units/hr)
e = emissivity
q = heat intensity at point P (in British thermal units/hr/ 
ft2)
It is important to check the dispersion of combustion products 
to ensure that the stack height is adequate^^. It is known that 
the selection of allowable radiant heat intensities involves 
many factors, such as probability of maximum releases, duration 
of releases, need for personnel activity in exposed areas, and 
heat liberation at the time of maximum release. Some heat in­
tensity levels which have been employed in design are as follows 
and as stated in API RP-521):
1. 1500 BTU per hour was used by some companies^^ for 
acceptable intensity in operating areas where operators wearing 
normal clothing were likely to perform their duties and where 
general area radiant shielding exists,
2. 2000 BTU per hour intensity in open areas where no 
shelter is available, and only escape is required.
3. 5000 BTU per hour intensity on structures and in o pe­
rating areas where operators are not likely to perform their 
duties and where shelter from radiant heat is available (e.g. 
behind e q u i p m e n t ) .
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4. 750 BTU per hour and lower intensity levels should be 
employed in design where personnel will be required to p e r ­
form duties without benefit of radiant shielding and at p r o ­
perty lines where outside company exposure would exist^^.
c. Wind effect
One factor to be considered is the effect of wind in 
tilting the flame, thus varying the distance from the centre 
of the flame which is considered to be the origin of the total 
radiant heat release, with respect to the plant location under 
co n s i d e r a t i o n .
Experimental work on jets in still air enables one to 
conclude that:
(5.4)
where = average axial velocity (ft/sec) at £
£ = distance along the jet axis from the nozzle tip (ft) 
d^ = nozzle diameter (ft)
= nozzle exit velocity (ft/sec)
Assuming the same formula applies to flares and knowing the 
average velocity, y^ must be zero at the flame tip when £ = L, 
the result is:
^a " ^ ^  y^ (l/£ - l/L) (5.5)
Assuming that under wind conditions the effective length of the 
flame, L, stays constant, the jet mixing formula, equation (5.5) 
holds true, and that y^ always moves the material vertically, the
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distance vector triangle for the action of wind gives:
AX = At
AY = y^ At
Z A£ = L (where y^ is zero) (5.6)
where
w
=
wind velocity
interval of time required to move the distance, A£, 
along the axis of the now deflected flame.
By appropriate substitutions from equation (5.4):
(aY/ aX)2 = (C^/P - Cg) (5.7)
where
Cl = 1-6 ’■do CWc/Ww)
C 2 — C^/L
Further from the right triangle relationships
A X — A£
1 + (AY/AX)2 05
AY = A£ _0-5 (5.8)
1 + (AX/AY)2
By dividing a in some number of uniform increments (each aP 
over the total length L ) , one can calculate increments of aX 
and AY corresponding to each AP. Summation yields:
YV = E AY and XH = E AX
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which represent the flare tip displacement vertically and 
horizontally, res] 
burning with wind*
spectively, from the end of the stack when
,66
5.2 Combustion and Flames
5.2.1 Simple Diffusion Models for Flames
The mixing in round jets section has indicated the extent 
of knowledge of the structure of round jets. No rigorous a n a ­
lytical treatment of jet concentration structure has been made 
which allows for progressive chemical reaction, with its a t t e n ­
dant changes in density due to changes in temperature or m o l e ­
cular weight and with its varying buoyancy forces along the jet 
And little consideration will show that the rigorous analysis 
of such a system would be decidedly difficult. So-called 
"analysis” of jet flames may be expected to be full of a p p r o x ­
imation. Rigorous solutions to the simple cases serve to 
suggest approximate techniques, the merit of which is to be 
judged by whether they permit more inclusive coverage of 
flame-jet phenomena than other models.
First Hottel^^ considered the laminar flow, such as 
the steady yellow flame obtained with a Bunsen burner adjusted 
for no primary air and discharging into a quiescent a t m o s ­
phere. He went on stating evidence that diffusion to an i n t e r ­
face occurs here was established in 1907 by Gusaubon^^. In 
1 91937 Hawthorne measured the concentration profile at several 
distances from the burner port and showed that fuel and oxygen 
disappear at the flame front while combustion products appear 
there in high concentration.
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Burke and Schumann^^ had earlier postulated a simplified 
diffusion model for their system of interest, concentric fuel 
and air streams on a cylindrical chamber. They assumed u n i ­
directional flow without a transverse velocity gradient, i so­
thermal counter-diffusion in a two-exponent system consisting 
of oxygen and negative oxygen (i.e. the negative of the oxygen- 
equivalent of the fuel) as one component and nitrogen and c om­
bustion products as the other, and complete combustion without 
change in number of moles at the flame front, of infinitesimal 
thickness, where the oxygen concentration was zero.
The system of present interest is a round fuel gas stream 
discharging slowly into an infinite supply of stagnant air.
If interest is solely in axial concentration and the effect 
of radial velocity gradients is ignored, the result is simple:
_-dZ/16 Dt (5.9)
in which is the fraction of nozzle fluid in the gas on the
axis of a stream at time t after it having been issued from a 
nozzle of diameter d; D is the diffusivity assumed constant 
and the same for all components.
Another a s s u m p t i o n ^ t h a t  all the resistance to diffusion 
occurs in a layer of thickness, S , with gas inside and air 
outside, both well stirred. It may readily be shown that, 
if S is small compared to core radius, r.
r = p-1,2,3 Dt/r S ^m (5.10)
the coefficients 1,2,3 in the exponent representing slabs.
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cylinders and spheres, respectively, and r is the h a l f ­
thickness of the slab or the radius of a cylinder or sphere
5.2,2 Laminar D i f f usion flames
The first of the above two models has been used by 
Hottel and Hawthorne^^ and by Wohl^^, Gazley^^ and K a p p ^ ^ , 
in somewhat different ways. It is assumed the mole fraction 
of nozzle fluid C at the flame-front, and therefore on the 
axis at the flame-tip is that corresponding to air and fuel 
in combining proportions, and is designated by C.^ ,. Equation
(5.9) becomes:
d2- In (1 - Grp) = (5.11)16 Dt'
with (t) representing time of flow from nozzle to flame tip. 
If we introduce Q:
Q = volumetric flowrate for gas through the nozzle
Q = U q . 7Td2/4,
d 2  =  4 Q / U ^  TT
(5.12)
U ot
4 7TÎ) - In(l-Glp)
Q(l/C?) - 1/ 2)
4 TT^
Ca (5.13)
The approximation for the logarithmic term, suggested by Wohl 
is satisfactory for the full range of Gy of interest. Hottel 
and Hawthorne evaluate the equation like this ;
Q (1/Gy - 1/2)
19
L =
TT TT %) f (Q6)2   (5.14)
0 = -1/4 In (1-Gm)
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19Wohl et al assumed the port velocity to persist to 
the flame tip, so that the flow time was simply L/U^. Thus:
Q (1-Cy - 1/2} Q 8
L =
4 7TÎ) TT D
The diffusivity in city-gas flames varies linearly with distance 
from the nozzle.
%  = (5.16}
19Assuming Dçjis small compared with KL,Wohl et al obtained
1
L =
/1/2 . ttK / Q 0  + 1/2 . Tr?)^/Ql
(5.17)
D and K were obtained from data on flame lengths and not from o ^
theoretical consideration. For burner gas consisting of half 
air and half city-gas, Wohl et al^9 found out that the burner 
diameter has an effect on total time for the flame front to 
reach the tip of the flame propagation through the rich air- 
fuel mixture leaving the burner port.
Hottel and Hawthorne^^ did not find in Rember's and Haslam's^l 
data on city-gas premixed with air, any significant burner d i a ­
meter effect up to 56% air in the burner gas. With 6 7% primary 
air the flame length decreases 22% when the burner diameter in­
creases from 7 mm to 20mm at a fixed volume flow rate.
5.2.3 The Turbulent Diffusion Flame
Flames are formed by the combustion of a jet of reactants 
with the oxygen of the surrounding atmosphere. In order to 
achieve the high combustion rates, often demanded in industrial
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heating processes, the fuel must be jetted into the combustion 
chamber at a very high velocity in which it must interact with 
the combustion air which is usually delivered separately.
Flames arising in this manner are termed diffusion flames, 
as opposed to pre-mixed, in which the fuel and total amount of 
combustion air are already in contact prior to entry into the 
furnace. The combustion of the premixed flame is limited'; not 
by the r e a c t ï.0’0  mixing rate, but by the rate at which the 
chemical reactant associated with combustion takes place. The 
diffusion flame can be further categorised according to the 
manner in which the material exchange proceeds. If such an 
exchange proceeds only by molecular diffusion of the c o n ­
stituent reactants, the flame is said to be laminar. However, 
the most commonly encountered industrial flame is one in which 
only a small proportion of material exchange is accounted for 
by molecular diffusion. In this flame the greatest proportion 
of the exchange is maintained as a result of the turbulent 
transverse movements of the jet flow, which, results in the 
combustion rate being controlled by reactant mixing. Such 
flames are termed turbulent diffusion flames.
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Flames usually pass their heat to the environment by 
radiation, with only a small degree being transferred by 
direct contact with the material to be burned. In general, 
it is believed that those flames which have low emissivity 
and radiate less, that have a higher flame temperature^^.
Such a statement appears to be completely contradicted by 
6 9Walberg who stated that, from experience, the flame 
temperature of natural gas is approximately 125-270°C lower 
than that of coal dust flame, although the latter has the 
highest emissivity. These radiative properties are due to 
the high proportion of C O 2 , H 2O and suspended inert dust 
and ash particles present in the flame.
The burning of fuel occupies an intermediate position 
between the surface reaction of coal dust flame and the 
volume reaction associated with gas firing. Moreover, liquid 
fuel flames tend to be the most flexible of all three, as 
their emissivity can be altered to suit the combustion r e ­
quirements. Although it is some 3.5 and 1.5 times as luminous 
as gas at the burner and kiln ends, resp.,its lower H 2O content 
results in a reduced non-luminous and convective heat transfer in
97
the cooler zone. For the turbulent diffusion flame, at tem­
peratures above llOO^C the chemical reaction rates between 
combustible gases and oxygen are so fast compared with the 
physical mixing process, that the latter is the rate con­
trolling process. In the case of natural gas, the combustion 
rate is the same as the mixing rate until about 80% of fuel 
has been consumed. However, the physical nature of coal and 
fuel oil requires that these fuels be divided and injected 
into the combustion chamber with a differential velocity high 
enough to ensure a continuous mixing of the fuel particles 
with fresh oxygen, along with a rapid removal of the combust­
ion products. In p.f. firing the coal particles can be r e ­
garded as porous solid spheres, filled with liquid volatiles. 
Combustion is therefore completed in two distinct stages - 
the emission and burning of these volatiles, followed by the 
residual characteristics combustion, in which the entire solid 
mass burns while maintaining a cenosphere of constant size.
The burning time of such a particle is the sum of the time 
taken to ignite and consume the volatiles and the char burning 
time, while the rate of combustion is very much dependent on 
the rate at which oxygen can be delivered to the surface of the 
particle. In order to maintain a relatively stationery flame 
within a coal fired kiln, the gas temperature must be at least 
860-900°C, and somewhat higher if the fuel has a reduced v o l a ­
tile and increased ash content.
Because of the need to break up and vaporise liquid fuel 
to the required particle size, the combustion rate of oil is 
some 4% slower than its mixing rate. The rate at which the
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fuel is vaporised is dependent upon a combination of contact 
surface area and temperature between the liquid and oxidant, 
the difference between the vapour concentration at that surface 
and the mass transfer.
If an oil flame's performance depends on the intimate 
mixing of reactants and oxidants, which is in turn dependent 
on the vapo r i s a t i o n  of that fuel, then a significant im p r o v e ­
ment in combustion can be achieved by m a x i mising the surface 
area available to the reaction. This can be achieved by a t o m ­
ization .
The principal functions of atomizers are to disintegrate 
the liquid fuel and to direct and disperse it in the form of 
a fine mist. For oil burning, steam or compressed air, a t o m i ­
zers or fan-jet swirlers achieve the necessary vaporisation 
for efficient combustion.
A cement kiln is an unusual combustion chamber in that all 
the energy required to perform the mixing process and establish 
recirculation, is provided by the primary air. For coal, the 
maximum flame velocity occurs at a primary air/fuel ratio of 
about 3 : 1 ,  with an associated reduction in the flame length 
due to an improvement in mixing. A further increase in primary 
air proceeds to lengthen the flame again due to excessive coal 
particle velocities. The flame velocity can also be increased 
by adding oxygen to the primary air up to 27-35%, or by r e ­
ducing the p.f. particle size which results in an increase in 
surface area per unit mass.
70Beer and Chigier give a relationship for the velocity
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of gases along the axis of p.f. flames as;
Y 5.5 X"o
u - 1.5m 6.4 -  d * 0.157 + Ao
(5.18)
where
Y = distance from burner nozzle along the flame axis 
A = velocity ratio factor
d *= d /P (P /P )z with P^ as a pressure correlationo o c  ^ o a^ ' c ^
(5.19)
For an oil-fired kiln, this limitation of flame length 
and velocity is not experienced as the particle velocity is 
independent of the primary air velocity and relies primarily 
on the efficiency of the atomizer employed. The 3% primary air 
that is normally required in the case of a steam atomized burner 
is necessary only for cooling the burner pipe inside the hot 
kiln hood and to initiate and stabilise the ignition of the 
oil flame.
Having dealt with the qualitative aspects of solid, liquid 
and gaseous fuel firing, we move onto an area of quantitative 
assessment that has proved to be exceedingly difficult, and 
one in which nearly all predictions have an empirical basis - 
flame length.
5.2.4 The Length of a Turbulent Diffusion jFlame
One of the most important factors affecting the c o m bust­
ion rate and flame length of high temperature diffusion flames, 
is the aerodynamic mixing of the reactant and oxidiser.
Because such an interaction in the cement kiln is dependent on
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the primary air, its associated flame properties are very 
much dependent on the magnitude and momentum of the fuel 
jet at the burner nozzle.
In all flame length approximations, several parameters 
continually re-appear, albeit in different forms. These are:
fuel and air mass flux 
fuel and air velocities 
fuel and air momentum flux 
kiln and nozzle diameter
primary jet, secondary air and flame gas densities 
combustion air requirement of fuel.
Provided the Reynolds number is high enough for a flame jet to 
be turbulent, one characteristic of a constant momentum-free 
turbulent flame is that of maintaining a relatively constant 
length, while its width is almost independent of air : fuel 
ratio, fuel type and approach stream velocity and turbulence.
Wohl et al^^ suggested that the phenomenon may be explained 
by the fact that the mixing of the fuel jet with the ambient 
oxygen, increases due to the higher shear rate of the faster 
jet, maintaining a constant length. Similarly, changes in 
density on flame width also have little effect, for any increase 
in velocity resulting from a temperature increase is counteracted 
by a diminished shear and entrainment rate, associated with the 
reduced density of the jet. From their work they have developed 
an empirical relationship for a town gas flame of the form;
L/D = ...........       (5.20)
0.00837 f (1 + 16/u)
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where
f = 0.93 and u = cm s ^
The independence of length on velocity is exemplified in an ­
other semi-empirical equation of Chigier:
L/d = 6  (R + 1) [pg/Pf) (5.21)
where R is the stoichiometric air/fuel ratio of the gas burnt
and P g , p£ are the gas and flame densities, respectively
For a free methane flame at 1400 C, this equation gives 
an L/d value of approximately 200.
7 3Traustels worked on free gaseous flames. This led to 
the derivation of the equation:
ni
L = 2 A -T- (2/3 + B) (5.22)
in which A = constant
B = the amount of air in the surrounding atmosphere 
needed for burning 
m^ = fuel mass discharged per unit time by the burner 
Iq = the momentum of gaseous fuel flow at burner nozzle
p^ = the nozzle fluid density
Again, for free gaseous turbulent diffusion flames, unaffected
71by buoyancy, Hawthorne et al give a quantitative formula in
terms of a dependency on the reactant and oxidiser mixing:
L/d = 5.3/C. ■
■ 2
„ " t
Cf + (1 -Cr) Mg/M% ... (5.23)
where Tp = flame temperature ( K)
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= the molecular weights of the nozzle and surrounding 
fluids
= the nozzle fluid temperature (°K)
Cr = the mole fraction of nozzle fluid in the unreacted 
stoichiometric mixture 
ttrj. = the ratio of moles of reactants on moles of products 
for the stoichiometric mixture
In a much more recent research programme, Khan and Mac Fayden 
have used the formula published originally by C.E.E.D., to c a l ­
culate the flame lengths in their acid/alkali modelling of gas 
fired glass tanks. The formula, based on jet entrainment, gives 
the length of both the free flame and the enclosed flame:
6.65 (1 +R) m
L = ------ 1------   r (free flame)   (5.24)(Pf)' do)'
Lc = (0.32 /m + 0.45) (enclosed flame) ............ (5.25)
From equation (5.25) it appears that a confined flame with
recirculation is some 20 % shorter than its free jet counterpart.
The study of liquid fuel burning is made more complicated by
the atomizing arrangement, which makes the burner dimensions
7 7no longer readily discernable. Thring has overcome such a 
problem through the introduction of an equivalent nozzle radius: 
*o .
............
where ni^  = the liquid mass rate
m^ = the atmozing fuel rate
Iq = the momentum of the total mixture
23
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7 2In association with Newby this concept was used to 
determine liquid fuel flame lengths such that:
10.6 r ^ ’
L = ------------°  t  10%   (5 .2 7 )
in which the constant Ag represents the mass concentration of 
burner fluid. In the fuel flame, the significant dimensions 
can be calculated from turbulent jet theory based on the fuel 
atomizing agent spray as the momentum source. Thus is 
dependent on the atomizing medium, being given as.
As = 1 + / 15 + a for 1 leg fuel atomised with a kg steam
and Ag = 1 + /15 for 1 kg fuel atomized with a kg air.
For a pressure jet atomizer arrangement, the forward
liquid momentum is small compared to that of the air flow.
In such a system the flame characteristics depend more upon the
flow pattern. This difference in burner characteristics is
exemplified in the graph of flame length variation with excess
7 8air quantity from Reed and W a l l i n ’s work on the flame c h a r a c ­
teristics of various types of oil burner. In the case of 
mechanical rotary, medium-pressure air, and steam atomized 
burners, a small change in excess air is accompanied by a 
large change in flame length. However, for the pressure jet, 
without turndown, the relationship is almost linear.
7 3Stabouleasu has developed a theoretical oil flame based 
on the equation of motion:
m du
dt = -R   (5.28)
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where R is the resistance resulting in the length of a 
trajectory given by:
1 + 2.4/T r r„
y _ • 1 f d • >IS -ra a ? 1
^i do .
t
  (5.29)
where
and are the dynamic viscosities of the ambient and
injected fluid respectively.
r^ and r^ are the respective specific gravities 
T is a time increment
d^ and d^ are the diameters of the nozzle and the front 
section of the spray.
From equation (5.29) it is possible to assess several operating
trends :
a. The length of the jet and the velocity increase with inject­
ion pressure.
b. The length and jet velocity decrease as the droplet size,
and hence penetration power decreases.
c. The length and jet velocity increase with nozzle size.
d. The length and jet velocity decrease with an increased
specific gravity of the fuel.
e. The length increases with viscosity.
5.2.5 The Interaction of Multiple Turbulent Diffusion Flames
Placing jet flames in a group arrangement generates inter­
ference between each individual flame which increases as the 
spacing between them is reduced. The aerodynamic interaction 
of a multiple jet system is considered to be the most important
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factor concerning such interference and affects the flame 
stability, combustion length, temperature and concentration 
distribution along the flame with consequential generation 
of such as unburnt carbons and nitrogen oxides.
I
In their multiple interaction research, Putnam and Speich^^ 
give an approximation for a buoyancy controlled gas flame 
length as:;
L/d.Q = 29 (5.30)
where = volume flux of injected fuel if the jets are very
close together.
Compared to the height of the flame the above equation is m o d i ­
fied to:
Vs
..........  (5.31)
. 5 I o
L* multiple _ 
d
T h u s ,
L'multiple ^6 ---------c—  = n (5.32)
L . 1single
If the jets are spaced by distance, S, the flame interaction 
is only partial and the height can be given by the relation:
/ L c T - n r r )  “  1mult sing
n 2/5 -  1
= f
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source-shape factor, n, S/(Q^2/g^
(5.33)
Chigier and Apak also analysed the increase in overall 
flame length with increase in burner separation and decrease 
in the number of burners, the effect being more pronounced 
at low swirl levels. A dimension length factor, L^, termed 
percent relative flame length was defined as :
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100   (5.34)
where = the single flame length
= the multiple flame length
Hbr burners in line, this lends to the relation:
L„ = -----    (5.35}
a/Dg . S
where a = the rim distance of two adjacent burners |
■' D-p = the burner exit diameterE
N = the number of burners
5.2.6 F ree Turbulent Jets
5.2.6.1 Axial and Radial Concentration of Jet Fluid with 
Temperature
Almost all flames of technological importance are turbu­
lent, hence the mechanism and production of turbulence and the 
turbulent flame merit particular attention.
Turbulence is the irregular fluctuation of small masses 
of fluid particles whose motion is superimposed on the mean 
flow of the fluid. Because the turbulent motion is random, 
it has some similarities with molecular motion; however, the 
analogy cannot be taken too far. For example, the turbulent 
quantities corresponding to molecular mass and mean free path 
are not constants of the medium, nor can turbulent motion be 
sustained independently of the mean motion of the fluid. 
However, as turbulent "mass" and "mean free path" are so much 
larger than those in molecular motion, turbulent transport 
is very much more effective than molecular diffusion. From the
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point of view of turbulent combustion, the most important 
features of the turbulence are the velocity distribution and 
the scale of turbulence.
Turbulent motion is a consequence of eddy formation in the 
shear flow produced by mixing of streams of different velocity 
in viscous fluids. The streams may be produced by individual 
jets, including zero velocity jets from the base of bluff 
bodies, or in the boundary layers on bodies. In combustion 
systems the free boundary layer produced in the former case is 
more important. The large eddies produced when the streams first 
interact are highly anisotropic, but these eddies soon interact 
with each other, producing a complete spectrum of eddies, and 
the turbulence becomes nearly isotropic (there is no preference 
for any specific direction). The smallest eddies, which have 
the highest wave number (K), are the ones which viscously d i s ­
sipate the turbulence to heat. The loss from the larger eddies 
is predominantly by transfer of energy to the smaller eddies, 
and the region of the spectrum noted as the universal equi l i ­
brium range is independent of the condition of formation. It 
is important to realise that this range includes the small eddies 
of the dissipation region, since it is in this region that 
mixing takes place at the molecular level. Unless gases are 
mixed at the molecular level they are not truly mixed, and 
combustion reactions cannot go to completion. (For example, 
it is due to unmixedness that a turbulent jet flame is typically 
50% longer than the point at which the time mean concentration 
on the axis becomes stoichiometric.
6 8Hinze in 1959, defined the dynamic variables in terms
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of steady and fluctuating components, and he came out with 
a conclusion that, for isotropic turbulence, the rms fluct­
uations in the three dimensions are equal, and the total 
turbulent kinetic energy (KE) per unit mass is:
E(K) dK = i C u p  + u p  + u p  ) = 3/2 u>2 .....  (5.36)
that is KE = 3/2 p u ^2 pgr unit volume   (5.37)
The important feature of the energy is that the total energy 
in the system must be conserved, and it will be shown that the 
maximum kinetic energy of turbulence can be obtained from the 
energy balance, without evaluating the local shear stresses 
eddy viscosities, and so on. The validity of equation (5.36) 
can be justified by the fact that about 80% of the turbulence 
energy is contained outside the low-frequency range; hence the 
energy distribution is dominated by the isotropic region. This 
is particularly true in the region where mixing and combustion 
are being completed. The three-dimensional spectrum function 
can be divided into several regions. In the lowest wave number 
band the energy function for isotropic turbulence increases 
according to :
E(K) - K4   (5.38)
For real systems this region is not isotropic. However, since 
only a small amount of energy is involved, errors are not sig­
nificant, except close to the baffle, jet, or other turbulence 
generator. If a single large eddy is formed, as for example 
in a recirculation region, the energy involved is comparatively 
small. The energy spectrum function which is given by Karmân^^ 
interpolation formula as:
•* • •
E(K) = I Kgt (K/Ke)'* /
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1 + (K/Ke)2 (5.39)
This formula extends over the whole wave number region, ex­
cluding the highest wave numbers where viscosity effects lead 
to dissipation of turbulent kinetic energy. So equation (5.39) 
reduces to:
E(K) = when K << 1
and E(K) K~ ^ when K >> 1
By differentiating the above equation we get the location 
of the maximum value:
W  = 1-5S
The dissipation range of the spectrum is characterised by the 
wave number K^. In this region the turbulent kinetic energy 
is dissipated to heat, and the energy spectrum function valid 
in the inertial and viscous region is:
-  5/3 'I r  'I ^ /sE(K) = (8/9a) (ev5)3 (K/Kj) " 1/ 1 +8/32)(K/Kj4)
[5.40]
Equation [5.40] reduces to:
E(K] ~ K  
E[K)
-
_ 7
in the internal range; and to 
in the viscous range.
The value of occurs at the change over. The wave number of 
the dissipative eddies can be obtained from the Reynolds number 
(equal to the ratio of inertial forces to viscous forces], 
which must be of the order unity.
Following K a l m o g o r o f f i n  1941, dimensional reasoning give
Ç = (v3/e]4 for the length scale
u = (ve]2 for the velocity scale   (5.41) !
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Thus the Reynolds number = vç/v = 1, - 
and the wavenumber
(Townsend^^ in 1951 showed % 1/5;.)
Therefore, = 1/5 (e/v^)^ (5.42)
The rate of dissipation can be obtained from either 
e = Aui3/&^
or e = 15vu^2/xg2   (5.43)
where is the average size of the energy-containing eddies
and A is a numerical constant of the order unity.
From equations (5.42) and (5.43) we obtain:
= 1/5 (Aul3/&2 )3 I (5.44)
It now remains to consider the dynamic behaviour of the energy 
spectrum. If the energy is added to the flow,
change in KE in 
wave number range
energy transferred to 
their wave numbers
energy dissipated by + energyviscous effects _  in
(9/9T) E(K,T) dK = F(K,T)dK - 2v K^E ( K ,T )  dK+Hj^ (K ,T )
..............  (5.45)
where F(K,T) is the three-dimensional transfer spectrum 
function.
The energy input term is most significant for the lower values 
of K in the near waVe region of a baffle, and elsewhere as 
K «>, the change in total KE of the turbulence is equal to 
the dissipation of the turbulence to heat:
0 / 9 T ) E (K,T) dK = -2v
• 0
K^E (K,T) = e ..........  (5.46)
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2The existence of the K factor in the dissipation term 
demonstrated readily that dissipation is concentrated at 
the higher wave numbers. It can also be shown that when 
a region of turbulence decays, the shape of the energy 
spectrum decays more rapidly at the higher wave numbers^^.
The flame stability, reproducibility and spatial reso-
31lution could be explained as follows: the reproducibility
of distance measurement in flames is principally determined 
by the stability of the flame, since the reproducibility of 
the measuring instrument is good. The spatial stability, in 
turn, is controlled by the precision of flow regulation.
If flow and pressure are controlled to better than one part 
in 1000 and ambient temperature to 0.5 K, the flame will stay 
in place to about 1/1000 of the flame front thickness.
Spatial reproducibility and resolution are separate 
concepts. The former implies that if a probe is moved, the 
property being measured will change reproducibility. It is 
limited only by the precision of the probe drive. Resolution, 
on the other hand, implies the ability to measure a true second 
derivative, which is only possible over a distance larger than 
the sampling region.
Spatial reproducibility always exceeds the resolution, 
usually by an order of magnitude. The reason for the difference 
is that a probe sample represents an average of the property 
being measured over the sampling region. The average will 
change reproducibility with movements which are small compared 
with the dimensions of the sampling region, and if the second 
(spatial) derivative can be obtained. If the second derivative 
is large, however, errors will occur.
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5.2.7 Flame Analysis
5.2.7.1 Analysis Background
9 8Snell and Hilton reported that many investigators had
worked on combustion flame analysis; the earliest was to employ
an alcohol lamp which was done by Talbot^^ and then by H e r s c h o l ^ ^
9 2It was due solely to the genius of Kirchhoff and Bunsen , h o w ­
ever, that a new m e thod of research and measurement was created,
namely analytical spectroscopy. The use of flame as a éource
9 3for quantitative analysis was suggested by Janssen in 1869; 
then it was followed by many workers for the development of the 
above mentioned method.
5.2.7.2 The Flame
A mixture of two or more gases capable of combining exo- 
thermically may persist unreacted at room temperature and at ­
mospheric pressure. If the temperature within any small portion 
of the volume of the gas is increased sufficiently, reaction 
may be initiated; the heat so generated is transmitted to 
adjacent layers by conduction. If the heat evolved per unit 
volume of gas is sufficient to a raise a similar volume to 
reaction temperature, in addition to providing for conduction, 
radiation and other losses, the reaction will propogate in a 
spontaneous and progressive manner throughout the entire volume
of the gaseous mixture. This reacting, heating and radiating
98gas constitutes the flame
1 1 3
5.2.7.3 Verification of the One-dimensional Flame
The form of the flame is determined by the conditions of 
flow of the gaseous mixture. If a stoichiometric combustible 
mixture, travelling upward through a tubular container with a 
speed exceeding its burning velocity, is ignited at the extern- 
ity of the tube, the flame takes a conical shape or may be 
called spherical flame. This flame is one-dimensional by virtue 
of its geometry and therefore is especially useful in flame 
studies because stream-tube area need not be measured directly. 
This makes the difficult aerodynamic measurements unnecessary.
Practical spherical flames are not completely symmetric 
because of the presence of an injection stem, the effect of 
gravity, and the effects of distribution of pumping ports.
The general conclusion is that the symmetry is sufficient 
for quantitative studies centimetres beyond the flame holder 
and over most of the spherical surface, excluding only the 45° 
solid angle around the inlet tube. A single exit port is best
in the top to counteract the effect of gravity, while with
31multiple pumping ports,location is unimportant
The spherical flame has a structure resulting from the 
superposition of two conically shaped layers. The inner one, 
of bright green-blue colour, is called the primary combustion 
zone or the tongue; the outer layer is termed the secondary 
reaction zone, or secondary combustion zone, and sometimes it 
is called the plume of the flame.
The spherical flames have two different forms, having 
different structures and properties according to the method 
used for mixing and these are as follows:
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a. Premixed flame: when the fuel gas is mixed with air 
or oxygen before combustion; It has two different and clearly 
defined zones; the bright blue-green primary combustion zone, 
and the pale blue secondary combustion zone. A careful e x a m ­
ination of the primary combustion zone reveals that the blue 
cone is not homogeneous but is composed of at least two layers: 
a preheating or preluminous zone, and a reaction or luminous 
zone .
b. biffusion_flame : when mixing occurs in the combustion
zone [as it is in this w o r k ) , which has not got a well-defined 
structure. The various zones are intermixed in contrast to 
the clearly separated zones of the premixed flame.
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9 4Riband , who studied the burning velocities of carbon 
monoxide and hydrogen in air found the thickness of the blue 
cones to be 0.3 mm and 0.16 mm respectively. The zone p r e ­
ceding the blue cone, where the gases are heated by thermal 
conduction to their ignition temperature, has a comparable 
thickness. For the carbon monoxide-air flame the zone is
0.13 mm, and for the hydrogen-air mixture it is 0.05 mm.
The outer cone is the zone where oxidations are completed. 
The dark space between the inner and outer cones is filled with 
hot gases consisting mainly of carbon monoxide, hydrogen, carbon 
dioxide, water and nitrogen. The carbon monoxide and hydrogen 
ignite and burn at the top of the separator by diffusion when 
they come into contact with the surrounding air. The inner 
cone constitutes the premixed flame; the outer cone is actually 
a diffusion flame.
The primary reaction zone of a premixed flame burning at 
atmospheric pressure is too thin to permit a detailed study of 
its emission. Since its thickness is an inverse function of 
pressure, low pressure flames are used to provide sufficient 
thickness for study.
9 8Snell and Hilton reported that when the composition of 
combustible mixtures departs from the stoichiometric ratio, 
then the premixed flame shows a notable change in its shape 
and structure. Fig. 5.6.1a shows a natural gas oxygen flame 
containing excess oxygen. Fig. 5.6.1b shows the desired shape 
and structure of a flame.
9 8Snell and Hilton also reported that the spectral examina-
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tion of premixed flames resulting from the combustion of 
various hydrocarbons with air or oxygen at low pressure has i
revealed that the emission at the bottom part of the primary '■
combustion zone is due mainly to the C2 molecules, where CH 
and CHO are responsible for the emission of the upper layer.
The emission of OH is distributed uniformly throughout the 
entire combustion zone. The infra-red radiation of the same 
primary combustion zone is produced by CO^ and OH. The r a ­
diation of the interconal zone and outer zone is produced by 
OH in the ultraviolet, CO^ and H 2O with traces of CO and
OH in the infra-red. The hot gases escaping from the flame 
produce the infra-red emission of C O 2 and H^O. In addition to 
this molecular spectrum, the blue cone of an acetylene - oxygen 
flame exhibits the atomic emission of carbon at and a
continuous background owing to the incandescent carbon particles and to 
the non-quantized recombination of un-ionized or ionized particles.
5.2.7.4 Flame Temperature
9 8 'Snell and Hilton reported that as a consequence of the
exothermic combustion reactions, the gases which constitute the
flame are brought to different temperatures, according to c om­
bustion conditions, flame structure and geometry. The thermal 
energy in flame, whicn is reflected in its temperature, is j
distributed between activated particles to the various trans- I
lational energy, rotational and vibrational states, and further 
to the electronic and ionization states. Each state can be 
defined separately by its own temperature, and when the tempe­
ratures are identical, the radiation from the flame is in 
thermal equilibrium. The Boltzmann equation, which relates the 
intensity radiated by a given number of activated particles to
1 1 7
the temperature of the excitatiaisource, can be applied only 
in this equilibrium circumstance. A further limitation to its 
use is presented by chemical reactions and ionization and 
self-abso#ytion phenomena occurring in the excitation source.
When the temperature of the translation, rotation, and v i b r a ­
tion are not equal and differ further from the electronic and 
ionization temperatures, the system is not in thermal equilibrium, 
In a flame., chemical reactions produce radiation which deviates 
from thermal equilibrium. This process is called "chemilumin- 
e s c e n c e " .
The Boltzmann equation cannot be applied to interpret 
such emissions, and the notion of temperature loses its meaning. 
These two widely different types of excitation mechanisms are 
found in the flames used in analytical flame spectroscopies, 
and the study of the temperature distribution related to the 
flame structure will help to identify the origin of the result­
ing radiation.
Measurements of temperature performed in the outer cone 
of premixed combustion flame, using various procedures and 
states of vibration and rotation, have produced results within 
the limits of experimental error and which are in agreement 
with the calculated thermodynamic value. When similar m e a sure­
ments were made in the inner cone of the same flames, the t em­
peratures obtained differed widely according to the measuring 
conditions. From these results it can be concluded that 
thermal equilibrium is achieved in the outer cone of premixed 
flames and that the radiation from this zone, perhaps with the 
exception of ionization, is of a thermal nature. On the other
118
hand, thermal equilibrium is not reached in the inner cone; 
the radiation of excited particles in this zone results from 
chemical reactions.
Temperature measurement performed on flames affords a 
simple means to compare the various combustible mixtures a v a i ­
lable to the flame s p e c t r o c o p i s t .
Temperature is not the sole factor determining the 
excitability of a chemical species in a flame; the natural 
oxidizing or reducing status within the hot gases may also 
play an important part^^. It is known that the maximum t e m ­
perature of a combustion is produced in neutral flames, 
resulting from stoichiometric burning conditions, and any 
departure from these conditions will produce a depression of 
temperature. This is especially true when there is an excess 
of fuel, producing a rich flame with reducing characteristics.
5.2.7.5 Reaction Mechanism in the Me thane-oxygen Flame
*Z 1Fristrom and Westenberge^' reported that:
It is convenient to divide the main features of the flame 
chemistry into three parts, as follows:
1. Methane disappearance
2. Formation of H 2O and intermediates
3. Carbon monoxide disappearance.
1. Methane disappearance
The most obvious bimolecular step to propose for this is 
C H 4 + O 2 » C H 3 + H O 2 ; ............  (5.47)
which is commonly postulated in low-temperature oxidation 
studies of hydrocarbons. However, in the present case it may 
easily be shown that such a direct oxygen attack cannot be of
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importance. The reaction is endothermie by about 55 kcal/mole. 
I£ this is used as the minimum possible activation energy, with 
a maximum collision theory frequency of 10^^ cm^/mole/sec., 
the disappearance of methane is
H C H .  = -101“ exp f 'SS.Opp 1 ^ M ......  (5.48)
“ RT 1 4 “ 2^
The experimental concentration data from the 0.1 atm flame at 
the point where T = 1600°K, for example, gives a value of
t-} CH4 = 10“® when equation (5.4 8) is used, while the e x p e ­
rimental value of this point is 2.7 x 10"^; thus the
maximum possible rate predicted on the basis of this reaction 
step is too low by a factor of about 10 '^  compared with the 
measured rate, so the direct CH^-02 reaction may be ruled out. 
This is an important difference between the high temperature 
C H 4 flame reaction and the slow, low temperature oxidation 
process. The most likely steps for CH^ disappearance are, 
therefore, the radical reactions:-
1. CH4 + OH ^ C H ^  + H 2O   (5.49)
2 . CH^ + H C H 3 + H 2   (5.50)
3. C H 4 + 0 ^  C H 3 + OH   (5.51)
All three are moderately exothermic and probably have rather 
low activation energies. In view of the large O 2 excess present 
in these particular flames, it is likely that the H concentra­
tion is very low compared with OH and 0. The calculated mole 
fraction ratio ^ q h ^ %  the final burned gas are about 70 and 
60 for 0.1 and 0.05 atm flames, respectively.
Fenimore and Jones"" have studied such cases. They found
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out that reaction (5.51) is slower than reactions (5.49) and 
(5.50), and probably accounts for only a small part of the 
CH4 disappearance.
2. Formation_of_H2Q_ and_ intermediates
H 2O will be formed from reaction (5.49); the oxidation 
of one CH^ mole leads to 2H 2O molecules.
CH^ + 2O 2 ^  CO2 + 2H 2O   (5.52)
The stable intermediates present are CO, H 2 and H^CO, the 
latter two being very low in concentration everywhere. Thus,
CO is the major intermediate; it is clear that it must come 
from the CH^ radicals generated in all the initial steps,
(5 . 49), (5.50) and (5.51) .
One possibility put forward is that a premixed step,
C H 3 + Og -4» H 3COO   (5.53)
with essentially zero activation energy and a frequency factor 
of (perhaps) 1 0 ^^cm®/mole/sec, is followed by the unimolecular 
s tep .
H 3COO H 2CO + OH   (5.54)
The latter may actually involve an isomerization to HgCOOH 
before decomposition. But even this relatively high a c tiva­
tion energy process should give a rate much faster than the 
bimolecular step involved in the H 3COO formation. If the 
C-0-0 bond angle is about 90° as is normal for such compounds, 
the terminal 0 would be close to an H and isomerization might 
be unnecessary. In any case, the above two steps can be c o m ­
bined to
C H 3 + O 2 H 2CO + OH   (5.55)
with a rate constant given by the slow rate-determining first
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step, K = IQii. Reaction (5.55) thus provides for H 2CO 
f o r m a t i o n .
Since so little H 2CO accumulates in these flames, its 
formation must be followed rapidly by an H 2CO removal step.
A  good possibility is
H 2CO + OH HCO + H 2O   (5.56)
and then
HCO + OH CO + H 2O   (5.57)
The sequence (5.55) to (5.57) would yield one CO for every 
C H 3 , which in turn corresponds to one CH^. One might expect, 
therefore, that the CH^ disappearance rate should be equal in 
magnitude to the CO appearance rate, and this is nearly true 
in the early part of the flames. Eventually the CO rate begins 
to drop faster owing to the onset of a CO loss reaction.
3. Carbon monoxide disappearance
The most probable reaction by which carbon monoxide d i s ­
appears is:
CO + OH C O 2 + H   (5.58)
The reaction
CO + O 2 C O 2 + 0   (5.59)
is possible at first sight but is not likely, mainly because 
really dry CO-O2 mixtures have exceedingly low flame velocities 
or cannot be ignited at all.
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5.3 The Flare Rig
5.3.1 Construction
According to the results obtained from the water model
experiments, the three shapes used in the water model were
constructed by the BP Research Centre with all the detailed
construction drawings (Figures 5.3.2 to 5.3.10), depending on
the general construction drawing (Fig; 5.3.1), which was sent
by the Fuels and Energy Research Group of the University of
Surrey (FERGUS), and was done according to the dimensioned
sketches of the three shapes used for the water model. Material
of construction of the three heads was stainless steel, with
10 of stainless steel 0.1 mm thickness spacer rings. These
spacer rings were to fill the gap between the flare column and
the head (the gap is the slot w i d t h ) . The slot widths were
0.1, 0.3, 0.5 and 1.0 mm, and to obtain for example a 0.3 mm
slot width, three of the above mentioned spacers were stacked 
toget h e r .
5.3.2 Description of the Rig
Figure 5.3 represents the rig which consisted of:
5.3.2.1 Flare Column
A mild steel pipe of 3" diameter, 5'8" in length, and 
1/16" in thickness, was supported vertically by means of an 
angle iron framework. The lower end of the pipe was sealed 
welded to 3" cap. The cap was equipped with a 1/4" drain 
valve. A 1/2" pipe was welded to the lower section of the 3" 
pipe at a location 8" from its lower end. The gas feed was 
flowing through this line. The propylene was fed to the flare 
column at a position adjacent to that of the natural gas, but
FIG. 5.3 Front view of FERGUS Coanda flare
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via a 1/4" pipe. All gas carrying pipes were welded and gas- 
tight tested.
The other end of the column was so shaped in 
order to mount a flat-faced flange on it, so that the mounting 
of the Coanda head was made easy via six alien screws. The 
steam was supplied to a chamber via a 1/4" steel tube. This 
chamber was effectively the housing of the steam supply to the 
slot. Both steam pressure and temperature at the chest were 
monitored continuously.
5.3.3 Measuring Equipment
1. Steam pressure gauge on the steam line scale (0-100)(Ib/in^
2. Steam temperature thermocouple Ni-Cr/Ni-Al
3. Steam temperature indicator.
Comark digital thermometer 5000
Type No. 55105 Ni-Cr/Ni-Al thermocouple 
Serial No. 14106 Input max. 150 v.d.c.
Floating max. 300 v.d.c.
4. D.P. cell Foxboro. This to measure the steam flow.
Flow trans DP/C
13 HAI-MKz, 3-15 Ib/in^ output signal 
SINO V043283 D range 0-37" 0 stamped
Calibration range; 0-72" H 2O 
Steam flow: 0-60 kg/hr 
Multiplying factor: 6
The DP/C was connected from one side toa levelling pot, an 
orifice plate of 10 mm diameter, installed on the steam line 
1/4 diameter; but 120 cm length before and 60 cm length after 
the orifice plate the steam line was 2" with all the line
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being insulated with glass wool insulation. On the other side 
the DP/C was connected to the air line, which was flowing 
first through a moisture trap to get rid of any moisture which 
might cause damage to the DP/C; then to a filter, and 
finally a regulator. The DP/C was giving the signal to the 
flow indicator of the steam (scale from 3-15 Ib/in^).
5. Steam flow gauge on the DP/C 
Range 3-15 Ib/in^
Budenberg 10704430
6. Rotameter series 1000
TM 35X FMA on the gas line to measure the gas flow (m®/hr)
7. CO ppm content probe: a suction probe with chromium. 
Aluminium thermocouple leading to the CO analyser (Serial 
No. 101/802) through a sample connection and drying 
d e v i c e s .
8. Radiation shield, temperature measurement probe (with 
platinum-radium thermocouple), leading to the temperature 
indicator through a motor pump.
Motor pump: Secomark No. 749835.
Volts 200/220 AC/DC VA 650.
Temperature thermocouples:
Ether serial No. 36672 CC.
Type No. 1250 B.
< Pt/Pt Rh 13% xlOO
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5 .3.3.1 Valves
a. Regulating (pressure) valve 
Jeavons Pi Max 200 mb (80" WG)
Pon 12-24 mb (5"-10" WG)
b. Non-return valve
Nominal rating 1250 c.f.h. at 0.3 in WG p/d 
For 0.5 S.G.
Type No. 506/2 Code No. 507B 
Max flow not to exceed 2400 c.f.h.
Inlet pressure range 1.5 to 100 in WG 
Max. back pressure 40 psi.
c. Other kinds of valves:
solenoid valves, isolating valves, gate valves and 
needle-globe valves;
The above were regulating the flow,
5.3.3.2 Orifice plate of 10 mm diameter; thickness: 3 mm
was installed on the steam line to measure the 
steam flow.
5.3.3.3 Ten stainless steel shims of 0.1 mm thickness.
5.3.3.4 Benzen burner for the pilot ignition system.
5.3.3.5 Flue external vortex rig for ventilation.
17mm 0
Head 3
17 mm
20mm 0
Head 2
20 m
Allen ScrewsI3mrh^76 mm
Headi
13 mm
6 mmItem 4Bolts
10 mm0 25 mm34 mm
3 mm
Item 5 This Gap to be 
Maintained by 
Shimming
lomm
JVlild Steel Pipe 
10mm ID/  3 mm
40 mm
Threaded3mm
Flange to suit 76 mm ID 
Mild Steel Pipe
Fig. 5 3 1 Design Sketch for 76 mm FERGUS Test Flare.
X À
_ ' yZcVdi Assemble
Fig. 5 3  2 FERGUS Test Flare
4 mm 0 holes
"^5—
6 mm 0 holes
■Welding
.16 mm 0 holes
Fig. 5 3 3 Top View of X a  from Fig. 5 3 2
3 mm 0 holes
76 mm 0
13 mm 0
CO t 5mm
102 mm 0
Fig. 5 3 4  Head No. 1 (Radius 13mm)
3m m  0 holes 
Common to 76mm 0all holes
20 mm 0
00— w 5mm
102 mm 0
Fig. 5 3 5a . Details of Head No. 2 (0  2 0 m m )
3 mm 0 holes 
Common to 76 mm 0all holes
17 mm 0
5 mm
102 mm 0
Fig. 5 3 5b. Details of Head No. 3 ( 0 17mm )
6 BA 0 
Tapped 
holes
4 mm 0 holes
102 mm 0
6 mm 0
62 mm 0
Fig. 5 3 6 Detail of Item 4
6 mm 0 Tube
89 mm 0 70 mm
83 mm 0
3 mm 0
«nescoes 00
6m m  Threaded Tube
80m m  Nom. Bore Sch 80.
Fig. 5 3 7a Detail of Item 5.
4 BA Holes
80 mm 0
62 mm 0
COCO
68 mm 0
+ 0076 mm 0 -0  05
Fig. 5 3 7b Further Details of Item 5
16mm 0 holes
lommî LWWV
^________ 82 mm 0 - 0-0^ ^ I
165 mm 0
Fig. 5 3 8 Head Mounting Flange.
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5.4 Experimental Procedure
5.4.1 Calibration
The measuring instruments were calibrated experimentally 
and by calculation as shown in Appendix 2.2.
5.4.2 Operating Procedure
The rig was fully prepared by calibrating the CO analyzer 
and it being left for at least half an hour to warm up.
Steam was flowing through the steam line to get rid of the 
condensate. The DP/C was set up at zero reading on the steam 
flow gauge; gas was flowing through the line at a constant 
flow of 19.5 m^/hr; the pilot was on and the drain valves were 
closed; the steam pressure reducing valve was set up on
one condition. At this stage the rig was ready for operation.
The pilot was started by letting the gas and the air flow 
through a 1/4" diameter pipe, first to a solenoid valve, then 
the Bunsen burner, in which the flame was ignited manually.
The gas was flowing through a 1/2" diameter pipe to a pressure 
regulating valve, rotameter, gate valve, non-return valve, 
solenoid valve, and finally to a flame trap before entering 
the flare column from a point near the bottom of a 3" diameter 
stack. The flame was lit by the pilot which had already been 
lit and left for a while to ignite the main flame.
At the start the flame was noticed to be high, shallow 
and red; to adjust this flame the steam was let on to flow 
through a 1/4" diameter line, first through a crack-open insu­
lating valve , then to a reducing valve to maintain the steam
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pressure at a very low value, in order to avoid the noisy 
flame and the blow-off phenomena. The steam was flowing 
next to a steam trap, orifice plate, p r e s s u r e . g a u g e , to a 
connection of a thermocouple leading to a steam temperature 
indicator, and finally the steam was entrained through the 
slot to surround the flame uniformly, forming the Coanda shape. 
Assuming that it drags 20% of its volume of the surrounding air 
towards the flame, leading to almost complete combustion and 
giving the short, blue, invisible flame w h ich was formed after 
the steam injection. At this point, steam flow, temperature 
and pressure were recorded, kept constant for a while at 
which the % CO contents readings were recorded for different 
axial flame lengths.
The flame temperature was recorded by using a suction 
probe, water cooled leading to a temperature indicator. The 
flamê temperatures were recorded at different levels from the 
flare tip, up to a height of 66 cm (limited because of the 
holder). The radial flame length was measured using the same 
CO sample suction pyrometer leading to the CO analyzer. This 
was done by positioning the probe first at a certain level 
from the flare tip in the centre of the flame. Then the probe 
was shifted to one side from that point to a measured distance, 
while the CO ppm content was recorded. This procedure was done 
till the CO ppm content recorded the permissible value; that 
distance was considered to be the radial flame w i d t h / 2 .
The above described measuring procedure was carried out 
and repeated in exactly the same fashion; again, with the 
three heads as discussed before, with four slot widths for 
each head, and then wit h  three steam flows for each slot width.
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The gas flow was kept constant throughout the operation.
5.4.3 Smoke Point
The smoke point procedure was carried out as follows:
first, the system was prepared by connecting a propylene
cylinder to the flare column from a point at the lower end.
The propylene was flowing through a rubber tube. A flow
gauge and a pressure gauge were fixed on the outlet of the
cylinder to measure the flow rate and the outlet pressure 
2in lb/in of the propylene respectively.
After preparing the system, the rig was operated in a 
way similar to the general operating procedure, except that 
this time it was running at different gas flows, starting 
from a low flow to the highest gas flow could be reached.
After setting up the flame to be short, blue and invisible, 
readings for the gas flow, steam flow, steam pressure and 
steam temperature were recorded. Then the propylene was made 
to flow through to be blended with the gas being burnt. The 
propylene, pressure and flow rate at the start were recorded.
It was noticed that after a short while of adopting the 
propylene, the flame performance was completely changed into 
a red, long and smokyy one. In order to bring the flame p e r ­
formance back to its original state, the steam -f^ low was i n ­
creased to a certain value , at which the flame was quenched 
followed by blow-off. The steam flow, pressure and
temperature were recorded, as well as the propylene flow and 
pressure. All the experimental data recorded above were used 
to calculate the smoke point, blow-off point and Mach Number.
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5.5 Results
Table..5.5.1 Coanda breakaway limits
Slot
width
/  Stream. ‘ : - Steam flow /  Staam p r e s s . /  Steam temp, 
(kg/hr) y /  (bar) /  (OC)
(mm) Shape No. 1 Shape No. 2 Shape N o . 3
0.1 21.6/0.544/111 19.2/0.136/104 24./I.02/122
0.3 36.0/0.68/110 27.0/0.17/104 37.2/0.748/121
0.5 42.6/0.816/112 24.0/0.272/110 40.3/1.088/127
1.0 33.0/0.612/108 25.2/0.204/107 37.2/0.884/123
Table 5 .5.2 Blow-off limits
Slot
width
Up StreamSteam flow /  Steam press. /  Steam temp, 
(kg/hr) y /  (bar) y  (OC)
(mm) Shape N o . 1 Shape No. 2 Shape No. 3
0.1 59.4/3.673/151 58.8/2.789/141 48.6/3.869/153
0.3 58.8/2.041/130 59.4/2.041/132 58.8/2.3-19/142
0.5 59.4/2.313/134 56.4/2.327/144 54.6/2.313/143
1.0 59.4/1.905/129 54.6/2.381/145 55.8/2.313/144
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5 . 6 Discussion of Results
5.6.1 Steam Performance
The rig was run first with steam only for the three shapes, 
with four slot widths for each shape (Tables A . 2.1- 2.3). The 
steam was varied from a very low flow rate to the highest flow 
rate for blowoff.
5 . 6 .1.1 Coanda Breakaway Limits
Coanda surface breakaway limits were determined for the 
three shapes with the four slot widths and as shown in Table 
(5.5.1). From the results in this table it was concluded that 
Shape No. 2 gave the best performance (see Fig. 5.5-25-5.5.27).
5.6 .1.2 Blow-off Limits
Table (5.5.2) givesthe blow-off limits for the three 
shapes with four slot widths of each. From the results we 
could see that Shape No. 1 came off best, followed by Shape 
No. 2. The best performance with Shape No. 1 was with slot 
width 0.1 mm, while with Shapes Nos 2 and 3, it was with 
slot widths of 0.3 mm.
5.6.1.3 Reynold Number
Re = 5v_P y
where D = stack diameter = 0.076 metres
V  = gas velocity = 1.06 m/sec
p = gas density = 0.723 kg/hr
and y = gas viscosity = 1.84 x lO'S
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Re = 3204 %3200
fi 7It was stated by Kent that the Reynolds number of 3000 and 
above is called turbulent flow at the point whe n  it emerges from 
the stack; between 2000-3000 it is in the transition between lami­
nar and turbulent flow; and below 2000 it is considered to be lami­
nar flow. From the above,we could say that our flow was turbulent.
5.6 .1.4 Mach Number
It has been suggested by manu workers^^ that the Mach number 
should not exceed 0.2 for maximum stack discharge to avoid blow- 
off conditions. The blow-off limit may be extended beyond the
criteria of 0.2 Mach number by special flame stabiliation tech- I
niques. Flame stabilisers allow a decrease in stack diameter, 
thus reducing costs. In this work, L/D = 27.6. With this L/D, 
and from the peak loci curve^^, the Mach number = 0.0028. This 
compared well with the calculated Mach number (= 0.0029). ,
where Mach number = u/u^
u = gas velocity = 3.897 ft/sec ■
u^ = sonic velocity = 39.3 (K^ T / m ) %
where K = c^/c^ = 1.18
g = 32.2 ft/sec^ 
m  * molecular weight (gas) = 17 
T = absolute temperature = 520 
Ug = 1339.8 Mach = 0.0029
From the above, the maximum velocity of the gas which can
result in unstable flame and blowoff =
U^ax = 0-2 (1339.8) = 268 ft/sec.
Thus, a predicted capacity of the experimental flare is = 52 ft^/Sec
Due to safety regulations, natural gas velocity in pipes may 
of 18 f t V S  with no blowoff.
not exceed a m a x imum of 90 ft/sec^^^ corresponding to a flowrate
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5.6 .1.5 Steam Flow Comparison
From Tables (A2..1-A2.3) it can be seen that the steam
pressure and the steam temperature increase as the steam flow
increases, but the increase in the temperature is not as 
great as the increase in pressure. It was noticed that the 
increase in the steam pressure and steam temperature was not that 
significant with the increase in the slot width, provided that 
the steam flow was kept constant. This was due to the fact that:
V  a 1 / /p
where v = steam velocity (m/sec)
p = steam pressure (bar)
5.6.2 Smoke Point
From Tables (A2.4-A2.6) it can be seen that the results 
taken with the rig under operating conditions were as follows:
1. Non-luminous or partially luminous flames.
2. Above the smoke point, where the flame was high, red 
and smok:y.
3. Smoke-free and snuff-out points.
Gas/steam ratios were calculated for the above conditions and 
the results are shown in Table ( 5.5.4)
1 . Nbn^luminous or partially luminous flames
Table ( 5.5,4a) shows that the gas/steam ratios are i n ­
creasing with the increase in the gas flow, whilst there was 
no significant change in gas/steam ratio with the increase in 
the slot width. The highest gas/steam ratio was with slot width
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of 0.1 mm, at different gas flow rates for the three shapes; 
then came 0.3 mm slot width of Shape No. 3 in second place in 
this performance.
The above results lead us to the conclusion that the 
flame was giving a better performance at high gas flow rates 
than at low gas flow rates.
2 . Above_the_smoke point
Table (5.5.4b) shows that the gas/steam ratio was d e ­
creasing as the slot width was increased; the best performance 
was with slot width 0.1 m m  and second to come was slot width 
of 0.3 mm. For the three shapes there was no significant 
change in the gas/steam ratios with increase in the gas flow 
r a t e .
3. Smoke : f r e e _ f l a m e _ a n d _ s n u f f - out point
Table (5.5.4c) shows that the smoke-free and snuff-out 
gas steam ratio had its highest value when the rig was operating 
with slot width of 0.3 mm  for the three shapes, and the second 
come was slot width 0.1 mm. The table also shows that the gas
flow rate had some effect on the gas/steam ratio which was higher
w i t h  a higher gas flow rate.
From the above it can be concluded that the Coanda p e r ­
formance was in its best condition with small slot widths, 
which will eventually result in higher momentum, better r e ­
circulation and almost complete combustion.
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5.6.3 Hydrogen/Carbon Ratio by Weight
In reference (58) it is stated that if the H/C ratio by 
weight is 0.33, n« smoke is generated; at 0,25 faint smoke 
will be present, and at 0 .2 2 2 , comparatively heavy smoke will 
be formed.
Table (5.5.5) gives the results of the H/C ratio by 
weight for the three shapes, with four slot widths of each 
shape. It is shown that the best H/C ratio by weight was 0.255 
for Shape No. 3, slot width 0.1 mm, with a gas flow of 14 m^/hr; 
next was 0.246 with Shape No. 3, slot width 0.3 mm and a gas 
flow rate of 6 m /hr. Other H/C ratios by weight results were 
between the range of 0.208 and 0.242. During the operation 
The Coanda flare tip for the three shapes gave a smokeless 
flame, even with the lowest H/C ratio by weight of 0.208.
From this one could conclude that the steam entrainment working 
under the Coanda principle is the best to be. used for the result 
of smokeless, non-luminous, short flame.
The rig was operated with air instead of steam, and it 
gave a satisfactory flame performance, although no results 
were recorded.
5.6.4. Flame Structure
For the comparison of the flame structure and behaviour 
for the three shapes used, a flare tip head of 13 mm radius 
for Shape No. 1, head of 20 mm radius for Shape No. 2, and
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head of 17 mm radius for Shape No. 3, results were observed,' < ' - . ' -'V - ' \ '
listed, plotted a n d  rdiscussed as mentioned.belov;.
5.6.4.1 Distribution of Gas Temperature, Gas Composition 
and Mixing in the Flame
In the following discussion traverses of temperatures 
and of gas composition for axial and radial flame length are 
considered in the light of a comparison between the results 
obtained for the three shapes, bearing in m ind that the o p e ­
ration was carried out under three different steam flows.
1. S t e a m _ f l o w _ o f _ 2 4 _ k g / h r _ £ 0 . 2 0 4 _ a t m .  pressure)
a. CO concentration for axial flame lenrgth with temperature
Figs. 5.5.1-5.5.3 show that the CO concentration was 
very low near the tip because the reaction was endothermie; 
thus there was the minimum possible activation energy with 
a minimum collision frequency in this region. The temperatures, 
as indicated in Figs. 5.5.4-5.5.6 ), were low near the tip, 
which is the fuel rich region, and lowest in the cone of the 
jet because of the reduction of combustibles there.
The CO concentration began to increase rapidly towards the 
fuel rich ring in the flame where soot was supposed to'be in the 
presence of other combustible gases such as methane, hydrogen 
and ethane. The combustion of these gases was rather slow,' 
and was complete only when the soot suppressed in the same 
region had also burnt away.
b. From Figs. 5 . 5 . 4 - 5 . 5 .6 it can be seen that the temperatures 
started to increase in the same way as the CO concentration.
This was due to the chemical reaction radiation and to the fact
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that maximum temperature of a combustion is produced in 
neutral flames resulting from stoichiometric burning conditions. 
Any departure from these conditions will produce a depression 
of temperature and that was the reason for the drop in t e mpe­
rature afterwards, and in the region between 40-45 cm above 
the flare tip for the three shapes, while the CO concentration 
dropped as well because of the following reactions:
CO + OH ^ ^ 0 0 %  + H   (60)
CO + O 2 C O 2 + 0   (61)
Reaction (60) is more probable than reaction . (61), 
because CO-O? mixtures have exceedingly low flame velocities
c. Radial_flame_ÿ^i^ÿh_with CO composition
With the radial flame W  i^th the CO concentration was 
quite high in the inner cone of the flame, which is expected, 
while it decreased as the horizontal distance increased to the 
outer cone. That behaviour was due to rate of reaction and 
to the drop in the flame temperature.
2 . S t e a m _ f l g w o f  12_kg/hv__£0.03_atm pressure)
The change in steam flow from 24 kg/hr to 12 kg/hr 
results in a change in the momentum of steam flow; this is 
followed by a change in the entrainment rate of the surrounding 
air, which results in a considerable change in the flame 
characteristics.
It is seen from Figs. (5,5.10-5.5.15) that a zone of 
low temperature was developed, and the reaction zone of this 
low velocity flame results in Coanda breakaway which formed, 
a very large diameter cone around the flare tip, while the
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rest of the surrounding area was filled with unignited com­
bustible gases, mainly CH^, C^H^. This was the reason for a 
low CO concentration with this steam flow for the three shapea.
The radial flame th versus CO composition was slightly
affected by the change in the steam flow, and it gave almost 
the same results for the three flare tips. This was due to
the fact that the change in the momentum for the free jet
flames affects the upward flame temperature and composition 
of the gases rather than those of the horizontal axis.
5.6 .4.2 Comparison between the Three Flare Tips with
Different Steam Slots
1. Slot_width_0 . 1 _mm and_slot_width_1^0 mm_for_24_kg/hr steam flow
Figs. 5.5.19-5.5,24 show that with the larger slot width, 
the CO concentration was lower than with the small slot width, 
whilst the higher flare temperature was achieved with the smaller 
slot width for the three shapes. This behaviour was due to the 
fact that the shape and size of a gas flame depend to a great 
extent upon burner design, the percentage of excess air and r e ­
circulation obtained in the combustion region. In normal o p e ­
ration (0.1 mm slot width), the flame consists of a sharply 
defined bright blue inner cone extending to or slightly o v e r ­
lapping the end of the flare tip, and having a surrounding 
mantle or envelope of lower luminosity. The outer envelope 
is less sharply defined than the inner cone and is blue at the 
base but it may have a yellow tip. Ignition occurs at the inner 
surface of the inner cone. Delicate mechanical sampling and 
chemical analysis of interconal gases show considerable amounts 
of CO and H 2 , and formaldehyde may also be detected. The inner
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cone showed the presence of hydrogen atoms, OH, CH, C, CHO and 
C 2 radicals and also aldehydes.
With a slot width of 1.0 mm, higher steam flow will come 
through which will result in an increase in the air entrainment 
rate. Combustion is obviously more rapid than with the previous 
condition, and incandescent carbon particles are not found.
A distinct blue cone appears inside the fainter blue envelope. 
Ignition and rapid combustion start at the surface of the cone; 
yet, combustion is not complete until the surface of the larger 
envelope has been passed. The entire envelope is smaller than 
before, indicating faster combustion.
A particle in the gas stream travels through the active
zone of the inner cone in about 0.001 sec. It remains in the
outer envelope two orders of magnitude longer [tenths of a
second). In normal operation, 40 to 90 percent of the surround-
30ing air may be included in flame combustion . Increasing the 
steam flow more than 24 kg/hr, especially with larger slot 
widths than 0.1 mm, causes a blow-off phenomenon to happen.
143
5.6.5 Comparison of Flame Performance
Figure 5,6.1a shows the FERGUS experimental flare without 
steam injection. Figure 5.6.1b shows the above mentioned flare 
with steam injection. The fuel used was North Sea gas in which 
methane is 94.6% by volume. For the sake of analysis, the flame 
is assumed to be a pure methane flame.
Figure 5.6.1a will be considered as a diffusion flame in 
which the flame produced does not have a well-defined structure 
and the various zones are intermixed in contrast to the clearly 
separated zones of the premixed flame.
Figure 5.6.1b, for the sake of analysis, will be con­
sidered as a premixed flame, because of its well-defined 
structure, although it is a diffusion flame with the atomizing 
steam through a narrow slot forming the Coanda curvature shape. 
This tries to drag twenty times of its volume of the surrounding 
air leading to the complete combustion, which the author was 
hoping to achieve.
Figure 5.6.2a shows the FERGUS experimental flare without 
steam injection, while Figure 5.6.2b shows the above mentioned 
flare with steam injection; The fuel in this case was North 
Sea gas plus propylene gas being adopted to the system to define 
the smoke point. The above explanation could also be applied 
to these two flames with the new fuel.
ÉI W r  I ——- A
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5.7 Conclusions and Observations
This work gave many indications, one of which is that 
physical modelling, using slice water models of flare tips can 
be used as a valuable supplement to field trials, and presents 
a cheap, quick method of investigating alternative designs.
Another indication was that the Craya-Curtet parameters 
can be used to translate model flow data into equivalent p r o t o ­
type gas, steam and air flows.
The following were observed and concluded from the operation 
of the FERGUS experimental flare.
5.7.1 Apparatus Operation and System Stability
1. Because of the lack of employing a high technique in
the operation, such as a special constructed sample probe, c o n ­
tinuous emission monitor analyzers to determine the emission 
species concentrations, temperatures and draft speed and direction 
Results recorded were not as acc&rate as they should be.
2. The sample probe positioning was done in such a way 
that the probe tip was not as close as possible to the flare 
flame, but was in mid flame, which causes the data to be bias 
with the gases that were still undergoing combustion reactions.
5.7.2 Accuracy of Results
1. The accuracy of the listed concentrations and t e m p e r a ­
ture results are mostly dependent on the accuracy of the i n ­
struments that were used. Numerous scientists have studied 
the accuracy and precision attained with flames, and their 
results show that an average error obtained in the détermina-
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tion of a single chemical species is in the order of 1- 10%.
31Among these scientists were Fristrom and Westenberg
2. It was concluded that some deviation in the accuracy of 
the results recorded was due to the location of the FERGUS e x ­
perimental flare inside the laboratories.
3. For the sake of analysis, results for the flame species 
concentrations and temperatures were recorded three times, repeatedly 
and they were giving the same readings.
4. It was concluded that some deviation in the accuracy of 
the results recorded was due to the factorsithat the ambient air 
component concentrations were not collected before and after 
the operation; the steam condensate samples were not taken for 
analysis, and the moisture content of the flame emissions was 
not measured, although the plume emission was dried before 
entering the CO analyzer.
5.7.3 Results, Conclusions and Observations
1. It was concluded that steam injection is a technique 
commonly used in flare operations to enhance the combustion 
process. It was observed that at low steam velocity (higher 
slot width) good combustion was promoted. With smoke point 
performance, it was observed that the presence of propylene 
caused incomplete combustion under excessive steam conditions.
2. It was concluded that at higher steam gas ratios, the 
flame performance was noisy and unstable, with continuous 
quenching by steam and re-ignition by the pilot burner.
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3. The system was operated under a very low steam pressure 
at a range of Q . 03-0.204 atm to investigate the flame p e r ­
formance,and it was concluded from the results that it gave
a better performance with • economical use of steam.
4. The rig' was running under constant gas flow and under 
three different steam flows with four slot widths for each 
of the three shapes which were under investigation; the gas/ 
steam ratios which the rig was operated with were: 1:1, 0.75:1 
and 0.5:1. It was concluded that the best performance was 
with the third gas/steam ratio and this means a high steam 
consumption. The above applied to the three shapes.
5. It was observed that a better flame performance, which 
includes length, stability and smoke elimination, was with 
high gas/steam ratios, and high gas flow rates.
6 . It was observed that the most efficient performance of 
the system to eliminate the smoke caused by the propylene i n ­
jection with the gas being burnt was with higher gas flow rates 
and relatively less steam as compared with that required for 
the same performance at lower gas flow rates, giving a higher 
gas/steam ratio, which emphasizes an economical point in steam 
consumption (Table 5.5.4).
7. It was observed that the increase in the steam pressure 
and temperature was not that significant with the increase in 
the slot width, p r o vided that the steam flow was kept constant 
for the same shape. This was due to the velocity-pressure 
proportionality, v a 1/ /p .
8 . It was observed that the best flame performance, which 
includes flame length, width and temperature with CO concen-
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trations, was with the smaller slot widths for the three shapes 
in general (as discussed in section 5.6). This was due to 
the higher momentum, better recirculation and almost complete 
comb u s t i o n .
Some of the best flame performances for larger slot widths 
were due to the higher steam flow, which led to higher entrain- 
ment, higher degree of recirculation and almost complete c o m ­
bustion.
With smaller slot widths and because of the steam quality, 
it was observed that the appearance of the steam condensate 
which caused the depression in the smaller slot widths flame 
p e r f o r m a n c e .
9. It was observed that Shape No. 3, slot widths 0.1 mm 
and 0.3 mm, with a gas flow rates of 14 m^/hr and 6 m^ /hr 
respectively, gave the best H/C ratio by weight and from
that it could be concluded that the above gave the best s m o k e ­
less flame performance. The H/C by weight was in the range 
of 0.246-0.255, at which there should be either a faint smoke 
to a comparatively heavy smoke, with ordinary flare tip 
f l a r i n g .
10. It was observed that the best flame performance was at 
steam flow rate (24 kg/hr) at which the flame, for all three 
shapes and slot widths, was always short and invisible. The 
flame performance with steam flow rate of 18 kg/hr was reddish, 
sometimes visible, and sometimes invisible, while with steam 
flow rate of 12 kg/hr, the flame was , high and red 
most of the time. From this the conclusion was made that with 
higher steam consumption the flame reaches its best conditions.
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5.7.4 General Comments on Results vs. Literature and Theory
Many workers have studied the flame behaviour, including 
species, distributions and compositions with their temperatures 
at the different zones of the flame envelope. Most of this 
work has been on jet oil flames with some on gas flames, 
especially m e t h a n e  flames, under certain conditions of pressure. 
However, very little has been done on the behaviour of flames 
using the Coanda principle on which this work is based.
A very recent study was pelCformed to determine the e f f i ­
ciencies of flare burners as devices for the disposal of h y d r o ­
carbon emissions from refinery and petrochemical processes, 
from which it was possible to determine the combustion e f f i ­
ciency and hydrocarbon destruction efficiency for both air 
and steam, assisted flares under a wide range of operating c o n ­
ditions. The test methodology utilized during the study e m ­
ployed a very high technique to analyze the flame emissions.
The conclusion the author arrived at was that although the 
three studies above (namely: 1) the premixed methane-oxygen
31flames under different pressures by Fristrom and Westenberg ,
2) the pressure jet-oil flames in the IJmuiden furnace by Beer^^,
and 3) the flare efficiency study prepared by the Engineering 
9 7Science ) were different in their objectives ard appro aches from 
that of this work, the results obtained showed a great deal 
of similarity in certain stages with the above three studies.
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5 .7.5 General Remarks
1. To the best knowledge of the author, the studies and 
investigations of flaring had been carried out by w e l l - e s t a ­
blished companies and organisations in research establishments. 
Research was aimed at commercial and competitive advantages.
This study could be considered the fitst one to have
been carried out for purely academic purposes, aiming to be 
applied in the field of oil and petrochemical industries.
2. The present work was initiated by using a water model 
which was translated later to an experimental flare model. The 
use of both techniques for flame structure investigations have 
provided a wider understanding of the adopted water modelling 
technique in gas-flaring systems. It was concluded from the 
comparison between the slice water model results with those of 
the experimental flare, for the flame behaviour, that there was 
no similarity in differentiating between the three geometries 
of the Coanda flare tips.
3. The effect of varying the slot width for the slice water 
model was not possible; however, the variation of the slot width 
with the three Coanda flare tips being used w ith the e x p e r i m e n t ­
al flare, has shown no significant change in the performance of 
the system, regardless of the shape.
This conclusion has led to the comments of Chapter 4, 
section 4.7. The lack of similarity of the results gained on 
both systems may be improved by a future study in which the slot 
width of the slice water model will be of a variable capability.
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4. The laboratory environment, in which the present investigation 
of the experimental flare performance was conducted, did not 
permit the opportunity to study the performance of the 
system under the influence of forced wind or gales. Apart 
from the effect of some unorganised draught w h ich were 
caused by open windows or doors in the laboratory.
Those draughts did cause the flame to swing from its 
vertical position but no blowoff was experienced.
A  variable speed forced draught fan or similar could have 
h elped in investigating this aim, if it would have been 
available.
However, other investigators . , who conducted their 
experimentation in the open, and a comparison of their 
results with those of the present work were identical.
The most recent of those investigations was Engineering Science 
97 where they used a highly sophisticated techniques and 
equipment, (very cost^ î^? ) , and yet a great similarity was 
between their results and the results of this work. This 
shows that the influence of conducting this type of study 
in the open can lead to some identical outcome.
The similarities were shown clearly for the CO concentration 
results and flame temperature results obtained related to the
time change while w ith this wor k  they were related to the flame
length above the flare tip.
This part of the work is another area which is available for 
the challenge in the future.
5. It was concluded that the steam pressures recorded as they 
are shown on table 5.5.1 and 5.5.2, were the u p s t r e a m  pressures 
and not the chest steam pressures, because the steam pressure i
gauge was mounted on the steam line before entering the flare j
tip. ;
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APPENDIX 1
Sample of Calculation
Shape No. 2, Run No. 3.
Assume the normality of the acid = 0.01
volume of 10 N A.cid solution needed = 62.38 cc
Assume the normality of the NaOH sol.=0.007
amount of NaOH powder needed = 40.04 g m s .
.*. NNaOH : NHCl = 0.007 lO.Ol.
Titration |
!
a. A sample of 25 mis of NaOH solution was taken and being | 
titrated with a sample from the acid solution. The end 
point was reached when 14.1 mis of the acid was added.
.'. NHCl. : N; NaOH(stoich.) = 14.1/25 = 0.564.
b. A sample of 25 mis of NaOH solution was taken and being 
titrated with a sample of the effluent solution. The end 
point was reached when 113.8 mis of the effluent solution 
was added.
.’. 14.1/113.8 X 100 = 12.39% excess acid in the effluent. 
1 ml of NaoH needs 0.564 ml of acid.
.*. 8.475 X 0.569 = 4.7799 mis of acid is needed.
6.425 - 4.7799 = 1.645 mis of acid is in excess.
^ *425 ^ ~ 25.6% excess acid added.
25.6% “ 12.39% = 13.21% the total excess acid added.
This 13.21% represents the total excess air.
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APPENDIX 2.2 
SAMPLES OF CALCULATIONS
A . 2.2 G as Flow Rate Calculation
A. 2. 2.1 The Maximum F low Rate. Through the Flare
We assume 6" swg aP through the solenoid valve and orifice 
plate. Using the empirical British Gas figure of
Q = 300 /ÂP Q = 300 X 6 ^
= 735 Cf hr 
= 20.82 V m^/hr
^Vnatural gas = 38.2 mJ/m^
.*. Heat release = 0.221 MW
Just for c o n v e r s i o n ’s sake:
Q = 300 Z a p  = 300 Cf hr
25.4
= 300 (0.3048)3 / - ^  m3/hr
25.4
Za p  = Q/300 = 1.6586 ZAP m3/hr
A . 2.2.2 Pilot for Flare Stack
This will require considerable stability against cross 
winds and hence will be of the atmospheric, self-aerated type.
Available gas pressure = 9" swg 
Assuming SG natural gas is 0.62:
Pnac = 1.2928 X 0.62 x -  ^ 288.5
1 89
= 0.723 kg/m at 15.5°Cand 1 atm.
Using h^p^g = h 2p 2§ to express gas pressure in head of gas
hg = S ^P.P—  X 25 . 4 = 316.182 m of gas 
0.723
The orifice velocity = (hg . 2
316.182 X 2 X 9.81 x (0.8)2
A = TT (1^/1000) = 0.95 X 10  ^ m^
/3970.2341 = 63.0 m/s 
This is faster than the maximum permissible part loading.
Benzen type burner:
Use 0.43" diameter end, i.e. 11 mm port
900)^
4
For reasonable performance, design for 40% primary air en- 
trainraent:
V = 2.21 ~ 1.59 X 0.4 = 1.574
Vp = maximum velocity of gas/air mixture at port.
Now, the orifice velocity required to inspirate 40% pd is
given from the momentum equation :
i.e.
"o »o
M p X 0.62 X U + 0.4 X 9.6 x p x V_ B  = -2-----------------------   2- = 7.19
p^ X 0.62 X U
Assume a value of K = 0.3 for safe performance.
Hence, V = 7-19 ^ 1-574 ^ 3 7 7  ^/sec
0.3
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The required gas pressure is
37.7
hg = — ---------— ---  = 113.19 m of gas
2 X 9.81 X 0.82
Ppae = 0.723 kg/m3 gas
. hg = 81 . 840 mm Wg
What injector size is required to give V^?
Q . = Q  ^ (1 + Air : fuel ratio by volume)^air gas ^
Having entrained up to 40% Pa, the gas injector volumetric 
flow is:
Qgas = + 0.4 x 0.96) = 0.5385/
= 0.111 m 3 /hr
0.111
.*. nozzle area = — ;-----------  = 8.2 x 10 ? m 237.7 X 3600
" '0.82 mm 2 
= 1.02 mm.
Assume the ID pipe = 1/4"
..*. A = 7t/4 (25.4/4) 2 = 31 . 67 m m 2
For reasonable performance, 
assume 40% Pa is entrained
.-. V  = 2.21 - 1 . 59 X 0 . 4 = 1,574 m/sec
.*. Q = 1 . 574 X 31.67/106 x 3600 = 0.1 795 m3/hr
What is the orifice velocity required to insipirate 40% Pô? 
K .m^
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Now m„/m^ = 0.62 + 0.4 x 9.6 ^
P ° 0.62
.'. Vo = Q = 37.7 m/sec
3 7 7 2The required gas pressure hg = 2 X 9.81 X 0.82
= 113.19 m of gas
p = assumed 0.723 kg/m^ (see before) gas
.'. hg'= 1 000 X 1 1 3.1 9 X 0.7585/1 000
= 81.84 mm H g .
What size injector?
^air " Qgas air/fuel ratio)
Having entrained up to 40% primary air, the gas injector 
volumetric flow rate is:
Q^ir/(1 + 0.4 X 9,6) = 0.1795/min.
= 0.03709 m3/hr
.*. nozzle area = ^ ----- = 2.7 x 10"? m%
37.7 X 3600
= 0.27 33 m m 2
_ TT nnozzle area =
d^ = 0.5899 mm, i.e. 0.6 mm.
A. 2. 2.3 Rotameter Calibration
Type: Metric 35x, Durai float.
From the rotameter booklet, = 1.5 = 1.997
From Spiers
Density natural gas at 15°C and 101.3 K Pa = 0.723 kg/m.3
= 0.723 X 10" 3g/cc
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’'(dynamic) 0-0106 
Perry - for methane = 0.0106 x 10  ^ P
^(dynamic) 
^(kinematic) p
Methane
0.0106 X 10"3. . y^ 0.723 X 10-3 0.01466 Stokes
Ft - Kg / w (a “ 3)
p X a
where F.p = ’t h e o r e t i c a l ’ capacity
w = float weight = 27.71 gr. for duralomin
o - float density g/cc = 2.80
F = 1 997 / 27.71 (2.8 - 0.725 x 10
^ ' 2. 8 X 0.723 X 10-3
= 390.90 1/mm = 23.45 m / h r 3
I = log
= 6.0506
X  y /  --  X 10^^
w ( a - p)
From the dynamic characteristics graph, it can be seen that 
the I values are below those which appear on the plot. 
Assuming*that the correct procedure is to extend the curve 
vertically downwards, the values for f  are as follows:
* This assumption is correct: Manufacturers quote:
"the series 55x rotameter operating on natural gas at 
ambient conditions passes 40 400 1/m", which is 2,4-24 m3/hr, 
as calculated using their "now obsolute charts".
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10 20 30 40 50 60 70 80 90 100
0 28 6.1 9.1 12.1 15.1 18.1 20.8 23.5 26.3
0 4.69 7.04 9.38 11.73 14.07 16.42 18.76 21.11 23.45
f (1/min)
flow rate in 
m^/hr
A. 2.2.4 Calculation of Orifice Bore Steam Flow 
Quality of steam = 9 5% saturated.
The 1/4" pipe size was increased up to 2" sch 40 to house 
the orifice such that 40" length of st. 2" pipe run upstream 
orifice and 20" length of 2" pipe run downstream orifice, clear 
r u n .
Pipe diameter = 2.067" = 5.065 cm 
Upstream pressure = 60 psig 74 psia at 305°F 
Specific weight factor for dry steam = 0.412 
Flowing temperature = 290°F
Orifice material = 316 g .steel . Fa = 1.004
hm = 72.32" HgO .'. /hm =’=8.504
For first approximation, assume Fr & = 1.00
WS = m___________________ ^ 0.412
° 359 D2 Fa Fm Fr /hm  ^ /ÔTÔT
= 0.423
132.3
So = --------------    — -----------359 X 4.272 x 1.004 x 1.00 x 1.00 x 8.504 x 0.423
0.0238856 0.0239 .% d/D = 0.201 742
d = 0.41 7007"
= 1.022 cm
Further approximation, taking 0.75 of maximum flow:
„ 0.00001319 X 132.3 x 0.75R =  ----------    = 9 37 3
^ 0.4170007 X 0.03108 x 0.0000107
F = 1 + E/Rj = 1 + - = 1.0225^ 9 37 3
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[Fm]Z —  = i— U  = 0. 778,2
Pf 69.7
= 0.980
.-. X = 1 ,0015
No further approximation is necessary and d = 0.417"
S =   —  = 0.02357
°1 0.991 X 1.0225
S = orifice bore index
Wm = weight of steam lb/hr
D = internal diameter of pipe inch
Fa = orifice plate expansion ratio between 60°F and flowing temp.
Fm = manometric factor air = 1; water = 0.962
Y^ = expansion factor upstream
h^ = head differential pressure (in. water)
= specific weight factor
d = orifice bore inch
E = flange tap orifice factor 
Fr = Reynolds correction factor
A . 5.3.5 Smoke Point
H/C ratio by weight calculation;
Gas flow rate m^/hr
Scale actual kg/hr
4 5.6 4.0488
6 6.1 4.41
10 10.0 7.23
14 13.2 9.5436
19.5 17.4 12.58
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The rig was running under three gas/steam ratios, namely:
1, 0.75 and 0.5, while with Gas and Propylene, for example, 
the gas/steam ratio was 1.5, and that is for Shape No, 1 
slot width 0.1 mm and gas flow of 6 m^/hr (scale).
Sample of calculation for Shape No. 2, slot width 0.3 mm
3 3and gas flow 6 m /hr; 6 = 6 . 1 m  /hr = 4.41 kg/hr = 4.3 gr mole/min.
Assume the gas is the North Sea Gas:
gas density = 0.723 kg/m^.
Gas Analysis
Component % _by_Ygl. mole weight %
^2 1 . 5 28
CO 2 0.2 44
CH 4 94.4 16
C2»6 3.0 30
0.5 44
^4^10 0.2 58
C 5H 12 0.1 72
^6^14 0.1 86
Molecular weight = 17.
Ng is assumed to be of no effect on the reaction, so
be excluded; neither will the steam be considered as
not take any part in the reaction.
The chemical reactions will be as follows:
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CO 2 CO 2
CH 4 + 2 O 2 C 0 2  + 2 H 2 O
^2^6 + 3102 ->• 2 CÛ 2 + 3 H 2 O
C 3 H 8 + 5 O 2 3C02 + 4 H 2 O
C 4 H 1 0 + 6 gOg ->- 4 CO 2 + SHjO
C 5 H 1 2 + 8 & 0 2 -> 5CÛ2 + GHgO
^6*14 * 9i02 6 CO 2 + 7 H 2 O
Propylene/complete combustion:
+ 4 &O2 ^ 300% + SHg
Then and were calculated to be:
= 53.664 grams 
= 17.3806 grams
Under the same conditions above, propylene flow was 
0.00255 kg/sec.
Mol. weight of propylene = 42 gr/gr mol.
Cg and Hg were calculated to be:
Cg = 131.3 grams 
Hg = 21.857 grams 
Hrjn = H^ + Hg = 39.2376 grams
Crp = C-j + Cg = 1 84.964 grams
Hy/C^ + 39.2376 = 0.212 Î
!
Non-luminous Condition |
North Sea gas/steam ratio calculation for Shape No. 1: j
7 slot width 0 .1mm 'gas flow = 6.1 m /hr = 4.41 kg/hr i
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Steam needed to reach non-luminous condition = 9 kg/hr. 
gas/steam ratio = 0.49 ~ 0.5.
When propylene was adopted to the system with a flow rate of 
8.64 kg/hr, the total gas flow was 13.05 kg/hr.
Steam needed to reach smoke-free condition:
= 28.8 k g / h r .
. Gas + Propylene/steam = 0.453 % 0.5 
So the snuff-out ratio is 0.5 : 1.
